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Abstract

Angiogenesis inhibition has been proposed as a general strategy to fight cancer. However, in spite of the prom-
ising preclinical results, a first generation of antiangiogenic compounds yielded poor results in clinical trials.
Conceptual errors and mistakes in the design of trials and in the definition of clinical end-points could account
for these negative results. In this context of discouraging results, a second generation of antiangiogenic thera-
pies is showing positive results in phases II and III trials at the beginning of the twenty-first century. In fact, sev-
eral combined treatments with conventional chemotherapy and antiangiogenic compounds have been recently
approved. The discovery and pharmacological development of future generations of angiogenesis inhibitors will
benefit from further advances in the understanding of the mechanisms involved in human angiogenesis. New
styles of trials are necessary, to avoid missing potential therapeutic effects. Different clinical end-points, new sur-
rogate biomarkers and methods of imaging will be helpful in this process. Real efficacy in clinical trials may come
with the combined use of antiangiogenic agents with conventional chemotherapy or radiotherapy, and combina-
tions of several antiangiogenic compounds with different mechanisms of action. Finally, the existing antiangio-
genic strategies should include other approaches such as vascular targeting or angioprevention.
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Introduction

Angiogenesis, the formation of new blood vessels by
sprouting of pre-existing ones, is a main mechanism
of vascularization during embryonic development,
growth, formation of the corpus luteum and
endometrium, regeneration and wound healing.
However, deregulated, abnormal angiogenesis is
involved in many pathological processes [1, 2]. The 

complex sequence of events involved in angiogene-
sis is related to changes in endothelial cell biosig-
nalling [3]. The relationships of angiogenesis with
cancer have special relevance, since angiogenesis
has been described as one of the hallmarks of can-
cer, playing an essential role in tumour growth, inva-
sion, and metastasis [4]. Since tumour blood vessels
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show many differences from normal vessels and are
not genetically unstable, they are potential targets for
therapy of all types of cancer [1,5]. Due to the pivotal
role played by endothelial cells in tumour angiogene-
sis, most previous efforts were devoted to the devel-
opment of agents that could block their activation by
an angiogenic signal (mainly VEGF), or to inhibit one
or several specific functions of activated endothelial
cells (proliferation, adhesion to extracellular matrix,
proteolytic activities, migration, invasion or differenti-
ation). The U.S. National Cancer Institute Database
showed that in August 1999 a total of 20 angiogene-
sis inhibitors were being tested in clinical trials [6].
Remarkably, most of them were monotherapies with
the antiangiogenic agent, and those compounds that
had then reached the phase III, including several
inhibitors of matrix metalloproteinases, were discon-
tinued due to their lack of activity or the appearance
of undesirable toxicities. In spite of the great number
of angiogenesis inhibitors described so far (estimat-
ed to be >300 drug candidates in 2001), and the
interesting results obtained in experimental models,
even showing complete tumour regressions in pre-
clinical studies, modest or even negative results
emerged from the first generation of compounds
entered in clinical trials [7]. Nevertheless, there is no
reason for premature pessimism, as revealed by cur-
rent ongoing trials and the clinical developmental sta-
tus of anti-angiogenic drugs [8].

What can we learn from the 

previous failures?

A critical analysis of the disappointing results
obtained in previous clinical trials points to different
reasons for this failure. These include flaws in the
methods used to select these inhibitors and in the
design of the clinical trials to test their effects, as well
as an oversimplified view of tumour vasculature
pathophysiology.

Angiogenesis inhibitors are initially selected by
means of in vitro assays that make use of endothe-
lial cells from different sources. The results obtained
in this primary screening can be dependent on the
type of endothelial cell. Afterwards, the antiangio-
genic activity of the selected compounds is usually
tested with several in vivo assays (for a review, see

[9]). Although useful, these have limitations. Some of
them do not take into account the tumour microenvi-
ronment (this is the case of vascularization assays in
the chicken chorioallantoic membrane and in the
mouse cornea). Other assays make use of rapidly
growing tumours and/or animals that do not fit into the
clinical reality. Most of the tumour systems used with
laboratory animals show angiogenic responses much
higher than those induced by human tumours [10].

Furthermore, the effectiveness of an angiogenesis
inhibitor can be hampered by the intrinsic hetero-
geneity of human tumour angiogenesis. Animal and
preliminary clinical trials have revealed that different
tumours respond very differently to antiangiogenic
therapy [11]. Thousands of patients have been sub-
mitted to clinical trials with antiangiogenic monother-
apies. In fact, the responses have been extremely
heterogeneous, most probably due to the random-
ized design of the trials. A previous selection of more
homogeneous groups of patients would be highly
desirable.

A clinical challenge in antiangiogenesis is the find-
ing of biological markers that help to identify subsets
of patients more likely to respond to a given antiangio-
genic therapy, as well as to determine optimal dosing
of therapy, to detect early clinical benefit or emerging
resistances and to decide whether to change therapy
in second-line treatments. [12, 13]. In this context,
microvessel density has been proven to be a useful
prognostic indicator but, at the same time, does not
seem to be a good direct indicator of antiangiogenic
treatment efficacy [14]. Surrogate biomarkers could
include those related to the various steps of the
angiogenic process, including variations in endothe-
lial-cell survival, alterations in the endothelial-cell sig-
naling, and variations in the number of circulating
endothelial progenitor cells [3, 13, 15, 16]. Another pos-
sibility is the fractal analysis of the vascular network in
tumour biopsies [17]. However, these approaches are
far from an ideal biomarker for clinical practice.
Although some authors consider taking biopsies
repeatedly to be feasible [18], most physicians con-
sider this to be very cumbersome for patients. Since
tumour angiogenesis produces interstitial hyperten-
sion in tumours, the determination of interstitial pres-
sure of tumours can be considered an alternative sur-
rogate biomarker [19]. Easier to determine and less
invasive approaches include the measurements of
circulating levels of several angiogenic factors, but so
far no growth factor has been validated for predicting
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response to antiangiogenic therapy [12,13], as well as
high resolution image analysis that requires expen-
sive instrumentation that could not be available in all
institutions [20].

On the other hand, the clinical end-points for dose-
defining trials (phase I) and efficacy trials (phase II)
should be reconsidered. The expected good tolerabil-
ity and low toxicity of well selected antiangiogenic
compounds give little relevance to the determination
of maximum tolerated doses (MTD) and dose-limiting
toxicity (DLT), which could be replaced by the deter-
mination of optimal biological dose (OBD) in phase I
trials. More and better-designed pharmacokinetic
studies are required not only to determine the OBD,
but also to determine the optimal schedule of drug
administration [21]. The case of suramin illustrates
this issue. Some years ago, trials with this antiangio-
genic compound were discontinued due to low
responses and toxicity [22]. However, an improve-
ment in the treatment regimen yielded enhanced
response with decreased toxicity in phase I and II tri-
als [23]. Probably, a readjustment of doses and/or
schedule could contribute to diminish or even abolish
some of the side effects produced by other previous-
ly tested antiangiogenic compounds.

In phase II trials, objective responses (i.e. the
degree of tumour regression) might not be adequate
end-points for angiogenesis modulators. Alternative
parameters such as disease stabilization, progres-
sion-free survival and time to progression should be
used. However, these parameters are more difficult to
be evaluated properly and they require larger patient
samples and more prolonged treatments. Validation
and standardization of monitoring techniques for
antiangiogenic therapy are urgently required.

The fact that tumour vasculature has been under-
stood in an oversimplified fashion is another explana-
tion for the poor results obtained in the first genera-
tion clinical trials. It is now known that different
tumour types may acquire their blood supply by dif-
ferent mechanisms.Tumour vasculature is not neces-
sarily derived from endothelial cell sprouting; instead
cancer tissue can acquire its vasculature by a num-
ber of alternative mechanisms that could be the
basis for developing effective clinical modalities using
antivascular therapy of cancer [24]. The recruitment
of circulating endothelial progenitor cells, mainly from
bone marrow origin, can contribute to the tumoural
neovascularization by vasculogenesis, a process
that was initially thought to be limited to embryonic

development [25]. In fact, as recently reviewed, there
is accumulating evidence that progenitor cells – as
well as other stromal cells – are actively recruited
into tumours and that this recruitment is essential for
the proangiogenic environment of tumours [26].
Angiogenesis-independent tumour growth can occur
along pre-existing blood vessels [27]. Another possi-
bility is the 'co-option' of vessels during early growth
of tumours in the absence of angiogenesis [11, 28].
On the other hand, vascular mimicry, the generation
of microvascular channels by genetically deregulated
and aggressive tumour cells, is an alternative way to
provide blood supply to tumours and is independent
of angiogenesis [29,30]. The potential of mono-
cytes/macrophages to contribute to neovasculariza-
tion has recently come into focus. Some experimen-
tal evidences indicate that infiltrating mononuclear
cells may incorporate in the lumen microvessels and
that peritoneal macrophages may form capillary-like
lumens and branching patterns in vitro [31, 32].
Lymphangiogenesis has also been related to metas-
tasis [33]. Pathological angiogenesis is characterized
by structurally and functionally abnormal vessels and
lymphatic vessels [1, 2]. These abnormalities result
from an imbalance between levels of pro- and antian-
giogenic molecules. As a result, the blood flow in
tumour vessels is chaotic and the vessels are leaky
[19]. This, in turn, compromises the delivery and
effectiveness of conventional therapies, as well as
molecular targeted therapies [34].

Finally, in this brief analysis of the rationale behind
the failure of the first generation of antiangiogenic
agents, concern should be given to the way in which
scientists communicate their findings to society.
Angiogenesis research is an especially competitive
area in which the promising preclinical results have
been very often prematurely amplified by mass-
media releases. The high prevalence of cancer and
the extremely high sensitivity of society towards this
primary medical problem facilitate that great expecta-
tions could lead to deep disappointment.

Signs of hope 

A second generation of antiangiogenic trials is
beginning to show highly significant potential [8,
35]. The first study showing phase III data validating
an antiangiogenesis strategy for treating human
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cancers was obtained with bevacizumab, a human-
ized recombinant monoclonal antibody that neutral-
izes the biologically active forms of VEGF that inter-
act with VEGF receptors 1 and 2. In a communication
that received much attention in the 2003 ASCO
Meeting [36], the authors reported that the beva-
cizumab/IFL (irinotecan/fluorouracil/leucovorin) com-
bination led to significantly prolonged survival and
had a better ability to shrink tumours than standard
IFL alone, without statistically significant increases in
adverse events in patients with metastatic colorectal
cancer.The results were based on 412 patients in the
IFL/placebo arm and 403 patients in the IFL/beva-
cizumab arm. The presence of bevacizumab in the
treatment produced remarkable and statistically very
significant increases in all the four determined sur-
vival and response parameters: median survival, pro-
gression-free survival, objective response, and dura-
tion of response. These impressive results led the
FDA to approve the use of bevacizumab in patients
with metastatic colorectal cancer and they have been
finally published in the form of a research article in
the New England Journal of Medicine [37]. However,
as stated in the accompanying editorial, although it is
tempting to attribute the effect of bevacizumab to a
direct antiangiogenic mechanism, the validity of this
assumption is presently uncertain [38]. Once more,
mass-media releases have led to unrealistically high
expectations. As commented in the aforementioned
editorial, ‘patients need to be informed that beva-
cizumab does not cure metastatic colorectal cancer
and that there is no evidence as yet that the antibody
has antitumour activity when administered as a sin-
gle agent for this disease’ [38]. Although Hurwitz et
al. did not measure surrogate markers of antiangio-
genesis, they mention that bevacizumab may have
altered tumour vasculature and decreased elevated
interstitial pressures in tumours, thereby enhancing
the intracellular delivery of chemotherapy agents
[37]. Recently, combined therapies with bevacizumab
have received two additional FDA approvals. In June
2006, bevacizumab plus FOLFOX4 (oxaliplatin/5-
FU/leucovorin) treatment was approved for second-
line metastatic colorectal cancer [39]. In October 2006,
bevacizumab in combination with paclitaxel and car-
boplatin treatment was approved for the first-line treat-
ment of patients with non-small cell lung cancer [40].
Currently, more than 100 clinical trials with bevacizum-
ab are ongoing, including phase III trials in kidney,
breast, prostate and ovarian cancer, among others.

Some promising results from clinical trials with
other antiangiogenic compounds have already been
published. In fact, successful clinical trials of multitar-
geted compounds have yielded two significant FDA
approvals. In December 2005, sorafenib (BAT 43-
9006), an inhibitor of the Faf/MEK/Erk and the
VEGFR and PDGFR signaling pathways, received
FDA approval for the treatment of renal cell carcino-
ma [41]. Sunitinib (SU11248), an oral inhibitor of
VEGFR2, PDGFR, FLT-3 and c-KIT, received FDA
approval in January 2006 for patients with gastroin-
testinal stromal tumours (GIST) and advanced kid-
ney cancer, being the first time the agency had
approved a new oncology product for two indications
simultaneously [42, 43]. It seems that, after a period
of flawing interest, antiangiogenic compounds have
regained their place in the centre of anticancer treat-
ment trials, as shown by the Eastern Cooperative
Oncology Group Portfolio of clinical trials [44].

From the results obtained so far in clinical trials, it
can be concluded that the future clinical success of
angiogenesis inhibitors could be related to their use
in combination with chemotherapy or radiotherapy.
Combined therapies can exert their effects on both
tumour and endothelial cells simultaneously. Since
abnormal angiogenic vessels compromise the deliv-
ery of drugs targeting tumour cells, the normalization
of tumour vasculature with antiangiogenic therapy
has emerged as a new paradigm for combination
therapy [19, 45]. Synergic effects can be expected,
since judiciously applied antiangiogenic therapy can
increase the penetrability of chemotherapeutic
agents, as well as the radiosensibility of tumour cells.
A detailed analysis of how antiangiogenic com-
pounds reduce vessel density shows that these
drugs reduce vascular permeability, destroy imma-
ture vessels and increase the recruitment of peri-
cytes to stabilize other vessels. This transient stabi-
lization has been termed the normalization window,
defined as a period of time where tumour blood flow
and oxygenation increases, thus providing an oppor-
tunity to better deliver chemotherapeutic drugs and
radiation therapy [45].

As previously mentioned, the heterogeneity of
blood vessel growth, the fact that angiogenesis differs
among tumour types is a basis for the observed differ-
ences in response to antiangiogenic therapy in both
animal and clinical trials [11]. Therefore, a multidrug
approach might be more successful than monothera-
py. The combined used of several antiangiogenic
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compounds targeting different steps of angiogenesis
should be explored.

Another turn of the screw:

a surrogate marker, at last

As stated before, reliable biomarkers are strongly
needed to validate the efficacy of antiangiogenic ther-
apy, to identify responsive patients and optimal
doses, to predict efficacy of regimens that include
anti-angiogenic agents, and to detect and prevent
tumour escape. The lack of reliability of measure-
ments of circulating levels of angiogenic factors has
made the search for new biomarkers to shift away
from measuring their levels to measuring their effects,
such as the recruitment of endothelial progenitor cells
from the bone marrow to the tumour where they con-
tribute to neovascularization. Preclinical studies have
shown that circulating endothelial cells, which are
probably derived from blood vessel wall turnover, and
circulating endothelial progenitors kinetics correlate
well with several standard laboratory assays, that
cannot be used in humans [25].

The initial suggestion that variation in the levels of
circulating endothelial progenitor cells could be a use-

ful surrogate marker to monitor angiogenesis has
been confirmed and extended in an outstanding report
published in Cancer Cell [44].This report provides evi-
dence that the levels of circulating endothelial progen-
itor cells are genetically predetermined and regulated
by regulators of angiogenesis, including VEGF, Tie-2
and thrombospondin-1. Moreover, antiangiogenic ther-
apy can be optimized by monitoring the levels of both
circulating endothelial cells and circulating endothelial
progenitor cells [13, 25]. Therefore, the kinetics of
these cells in peripheral blood is suggested to be use-
ful surrogate markers of pathological angiogenesis
with potential application for the monitoring of antian-
giogenic therapy response.

Future avenues for the 

vascular therapy of cancer

There are clear signs that during the last year antian-
giogenesis research has entered a new age. Table 1
tries to summarize the trials and errors in past fail-
ures and possible solutions to them.

The development of new and better models for the
in vivo assay of potential inhibitors of human angio-
genesis should be considered a priority in this field of

Past failures Possible solutions

• Oversimplification of the pathobiology of tumour vasculature • Deeper knowledge of the molecular mechanisms of  the
angiogenesis pathways

• In vitro and in vivo models do not reflect the clinical situation • Development of more relevant in vitro and in vivo models

• Lack of selectivity in the design of clinical trials • Previous molecular characterization of the tumour to select 
the most convenient therapeutic strategy for each case

• Use of conventional clinical study design adopted for
cytotoxic agents
- Schedule of administration (MTD, DLT)
- End-points reflecting tumour regression or cure

• A new style of clinical trials
- Long–term toxicity studies
- Metronomic scheduling of therapy
- Use of surrogate markers and imaging techniques to 

monitor the biological effect and efficacy of treatments
- Selection of more homogeneous groups of patients

• Monotherapy with a single angiogenesis inhibitor • Combination therapies 
- Several antiangiogenic agents with different mecha-

nisms of action
- Antiangiogenesis and conventional chemo or radiotherapy

• Single purpose: inhibition of neovascularization as a
therapy against developed tumours

• Alternative approaches:
- Vascular targeting against established tumoural vessels
- Angioprevention

Table 1 Antiangiogenic cancer therapy: past and future; clinical trial lessons
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research. There is increasing concern that by using
approaches based on traditional end-points, poten-
tially interesting angiogenic modulators might be
rejected prematurely. Consequently, the extensive
use of correlative studies in the early phases of drug
development to establish surrogate biomarkers for
use in efficacy trials is strongly recommended.
Methods of imaging will be helpful to assess the effi-
cacy of treatment [12, 13, 20]. A careful selection of
the clinical setting for the investigation (for example,
tumour type and stage of disease) and innovative
statistical designs to optimize the selection of
patients must be carried out before expensive, defin-
itive phase III clinical trials. An example is the ran-
domized discontinuation trial design (RDTD), aimed
to select a subset of enrolled patients who are more
homogeneous with respect to important prognostic
factors than the group of patients that would other-
wise be randomized in the trial.

Frequent administration of chemotherapy at low
doses, ranging from one-tenth to one-third of the
MTD, significantly increases the antiangiogenic
effect. This 'metronomic scheduling' has shown
impressive antitumour activity in animal models and
is now being tested either alone or in combination
with other antiangiogenic agents in clinical trials 
[35, 47, 48]. Furthermore, this metronomic approach
is also used with radiation therapy, when adminis-
tered at lower than normal doses, known as 'hyper-
fractionated radiation' [49].

The concept of vascular targeting is related to
antiangiogenesis but involves a different approach.
Juliana Denekamp outlined the concepts behind vas-
cular targeting for cancer treatment in the early
1980s, showing that physical occlusion of the blood
supply to tumours in rodents led to tumour regres-
sions [50]. Vascular targeting agents exert their pri-
mary action on the pre-existing blood vessels of solid
tumours. Vascular targeting therapies would share
the advantages of antiangiogenic therapies and
could offer some additional advantages. First, blood
flow is a defined surrogate marker of biological activ-
ity that can be measured in the clinic. Second, tem-
porary effects on vascular functioning may be sufficient.
And third, unlike angiogenesis inhibitors, vascular
targeting agents should require only intermittent
administration to synergize with conventional treat-
ments rather than chronic administration. Future
research in this area should identify new, more spe-
cific tumour endothelial markers. The clinical studies

completed to date with vascular targeting agents are
encouraging. Progression into combination studies
has begun [51].

Recently, concerns have been raised on the 
possibility of resistance to antiangiogenic therapy
[13, 21]. In fact, an effective antiangiogenic therapy
could select for resistant and aggressive cancer cells
during therapy-induced tumour regression [52].
Ideally, the most effective therapy would suppress all
cancer cells, avoiding relapse. On the other hand,
hypoxia is common in tumours, despite the increase
in their vascularization, because of a poor perfusion
caused by aberrant vessels [53]. Strategies that tar-
get hypoxic cells may therefore synergize with
antiangiogenic treatments.

The contribution of inflammatory cells to tumour
angiogenesis should also be kept in mind [54].
Cyclooxygenase-2 seems to play a key role. The
inhibitors of this pathway exhibit high tolerability and
they can be administered chronically. Their perform-
ance in clinical studies is currently being tested.
However, the recent problems with cycloxygenase
inhibitors in cancer prevention treatment raise seri-
ous concerns for their use [55, 56].

Finally, the potentials of angioprevention should
also be analyzed [57]. Inhibitors of angiogenesis
could slow the progression of premalignant lesions
and reduce the risk of developing invasive tumours.
They have the potential to be used in primary, sec-
ondary or tertiary cancer prevention settings. In fact,
monotherapies with antiangiogenic compounds
could be useful as adjuvant treatments in situations
of minimal residual disease following either cytore-
ductive surgery or cytotoxic treatment. However, in
spite of the fact that past clinical studies have shown
that many angiogenesis inhibitors can be given safely
to patients, more long-term toxicity studies are needed.

How much antiangiogenic therapy will be incorpo-
rated in the future to the treatment of cancer patients
depends on further advances in the understanding of
the molecular mechanisms involved in tumour angio-
genesis, the development of standardized methods
to assess surrogate predictive markers of response,
and the capability of performing a new generation of
appropriately designed clinical studies. A conver-
gence of the efforts carried out in basic, applied and
clinical research would contribute to achieve these
goals.This knowledge will be applied not only to cancer
treatment but also to other diseases characterized by
abnormal vasculature – such as hemangiomas, diabetic
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retinopathy, macular degeneration and psoriasis,
among others – for which antiangiogenic approaches
have already shown benefits [1, 2].

Acknowledgements

Thanks are due to all the excellent previous reviews on the
topic. We apologize to all those authors whose primary ref-
erences were not cited due to space limitations. Our
research on angiogenesis is supported by Grants
CTQ2006-15279-C03-03/BQU, SAF2005-01812 and
PTR95-0904 (Spanish Ministry of Education and Science)
and funds from group CVI-267 (Andalusian Government).

References

1. Carmeliet P. Angiogenesis in health and disease.
Nat Med. 2003; 9: 653–60.

2. Carmeliet P. Angiogenesis in life, disease and med-
icine. Nature. 2005; 438: 932–6.

3. Muñoz-Chápuli R, Quesada AR, Medina MA.

Angiogenesis and signal transduction in endothelial
cells. Cell Mol Life Sci. 2004; 61: 2224–43.

4. Hanahan D, Weinberg RA. The hallmarks of cancer.
Cell. 2000; 100: 57–70.

5. Folkman J, Hahnfeldt P, Hlatky L. Cancer:Looking out-
side the genome. Nat Rev Mol Cell Biol. 2000; 1: 76–9.

6. Kerbel RS. Tumor angiogenesis: Past, present and
the near future. Carcinogenesis. 2000; 21: 505–15.

7. Matter A. Tumor angiogenesis as a therapeutic tar-
get. Drug Disc Today. 2001; 6: 1005–24.

8. Quesada AR, Muñoz-Chápuli R, Medina MA. Anti-
angiogenic drugs: From bench to clinical trials. Med
Res Rev. 2006; 26: 483–530.

9. Norrby N. In vivo models of angiogenesis. J Cell Mol
Med. 2006; 10: 588–612.

10. Augustin HG. Antiangiogenic tumour therapy: Will it
work? Trends Pharmacol Sci. 1998; 19: 216–22.

11. Bergers G, Benjamin LE. Tumorigenesis and the
angiogenic switch. Nat Rev Cancer. 2003; 3: 401–10.

12. Davis DW, McConkey DJ, Abbruzzese JL, Herbst

RS. Surrogate markers in antiangiogenesis clinical
trials. Br J Cancer. 2003; 89: 8–14.

13. Jubb AM, Oates AJ, Holden S, Koeppen H.

Predicting benefit from anti-angiogenic agents in
malignancy. Nat Rev Cancer. 2006; 6: 626–35.

14. Hlatky L, Hahnfeldt P, Folkman J. Clinical applica-
tion of antiangiogenic therapy: Microvessel density,

what it does and doesn't tell us. J Natl Cancer Inst.
2002; 98: 883–93.

15. Solorzano CC, Jung YD, Bucana CD, McConkey

DJ, Gallick GE, McMahon G, Ellis LM. In vivo intra-
cellular signaling as a marker of antiangiogenic activ-
ity. Cancer Res. 2001; 61: 7048–51.

16. Monestiroli S, Mancuso P, Burlini A, Pruneri G,

Dell'Agnolo C, Gobbi A, Martinelli G, Bertolini F.

Kinetics and viability of circulating endothelial cells
as surrogate angiogenesis marker in an animal
model of human lymphoma. Cancer Res. 2001; 61:
4341–4.

17. Baish JW, Jain RK. Fractals and cancer. Cancer
Res. 2000; 60: 3683–8.

18. Dowlati A, Haaga J, Remick SC, Spiro TP, Gerson

SL, Liu L, Berger SJ, Berger NA, Willson JK.

Sequential tumor biopsies in early phase clinical tri-
als of anticancer agents for pharmacodynamic evalu-
ation. Clin Cancer Res. 2001; 7: 2971–6.

19. Jain RK. Molecular regulation of vessel maturation.
Nat Med. 2003; 9: 685–93.

20. McDonald DM, Choyke PL. Imaging of angiogene-
sis: From microscope to clinic. Nat Med. 2003; 9:
713–25.

21. Sweeney CJ, Miller KD, Sledge Jr GW. Resistance
in the anti-angiogenic era: Nay-saying or a word of
caution? Trends Mol Med. 2003; 9: 24–9.

22. Kaur M, Reed E, Sartor O, Dahut W, Figg WD.

Suramin's development: What did we learn? Invest
New Drugs. 2002; 20: 209–19.

23. Vogelzang NJ, Karrison T, Stadler WM, García J,

Cohn H, Troeger T, Giannone L, Arrieta R, Ratain

MJ, Vokes EE. A phase II trial of suramine monthly 
�3 for hormone-refractory prostate carcinoma.
Cancer. 2004; 100: 65–71.

24. Dome B, Hendrix MJ, Paku S, Tovari J, Timar J.

Alternative vascularization mechanisms in cancer:
Pathology and therapeutic implications. Am J Pathol.
2007; 170: 1–15.

25. Bertolini F, Shaked Y, Mancuso P, Kerbel RS. The
multifaceted circulating endothelial cell in cancer:
Towards marker and target identification. Nat Rev
Cancer. 2006; 6: 835–45.

26. Ganss R. Tumor stroma fosters neovascularization
by recruitment of progenitr cells into the tumor bed. J
Cell Mol Med. 2006; 10: 857–65.

27. Anghelina M, Krishnan P, Moldovan L, Moldovan NI.

Monocytes/macrophages cooperate with progenitor
cells during neovascularization and tissue repair:
Conversion of cell columns into fibrovascular bun-
dles. Am J Pathol. 2006; 168: 529–41.

28. Anghelina M, Moldovan L, Zabuawala T,

Ostrowski MC, Moldovan NI. A subpopulation of
peritoneal macrophages form capillarylike lumens



J. Cell. Mol. Med. Vol 11, No 3, 2007

381© 2007 The Authors
Journal compilation © 2007 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

and branching patterns in vitro. J Cell Mol Med. 2006,
10: 708–15.

29. Pezzella F, Pastorino U, Tagliabue E, Andreola S,

Sozzi G, Gasparini G, Menard S, Gatter KC, Harris

AL, Fox S, Buyse M, Pilotti S. Non-small-cell lung
carcinoma tumor growth without morphological evi-
dence of neo-angiogenesis. Am J Pathol. 1997; 151:
1417–23.

30. Holash J, Maisonpierre PC, Compton D, Boland P,

Alexander CR, Zagzag D, Yancopoulos GD,

Wiegand SJ. Vessel cooption, regression, and
growth in tumors mediated by angiopoietins and
VEGF. Science. 1999; 284: 1994–8.

31. Hendrix MJ, Seftor EA, Hess AR, Seftor RE.

Vasculogenic mimicry and tumour-cell plasticity:
lessons from melanoma. Nat Rev Cancer. 2003; 3:
411–21.

32. Folberg R, Hendrix MJ, Maniotis AJ. Vasculogenic
mimicry and tumor angiogenesis. Am J Pathol. 2000;
156: 361–81.

33. Alitalo K,Tammela T, Petrova TV. Lymphangiogenesis
in development and human disease. Nature. 2005;
438: 946–53.

34. Jain RK. The next frontier of molecular medicine:
Delivery of therapeutics. Nat Med. 1998; 4: 655–7.

35. Madhusudan S, Harris AL. Drug inhibition of angio-
genesis. Curr Opinion Pharmacol. 2002; 2: 403–14.

36. Hurwitz H, Fehrenbacher L, Cartwright T,

Hainsworth J, Heim W, Berlin S, Griffing S,

Novotny W, Holmgren E, Kabbinavar F.

Bevacizumab (a monoclonal antibody to vascular
endothelial growth factor) prolongs survival in first-
line colorectal cancer (CRC): Results of a phase III
trial of bevacizumab in combination with bolus IFL
(irinotecan, 5-fluorouracil, leucovorin) as a first-line
therapy in subjects with metastatic CRC. Proc Am
Soc Clin Oncol Meeting. 2003; 3646.

37. Hurwitz H, Fehrenbacher L, Novotny W,

Cartwright T, Hainsworth J, Heim W, Berlin S,

Baron A, Griffing S, Holmgren E, Ferrara N, Fyfe

G, Rogers B, Ross R, Kabbinavar F. Bevacizumab
plus Irinotecan, Fluorouracil, and Leucovorin for
metastatic colorectal cancer. N Engl J Med. 2004;
350: 2335–42.

38. Mayer RJ. Two steps forward in the treatment of col-
orectal cancer. N Engl J Med. 2004; 350: 2406–8.

39. Giantonio BJ. Bevacizumab for the treatment of
metastatic colorectal cancer (mCRC) in second- and
third-line settings. Semin Oncol. 2006; 33: S15–8.

40. Sandler A, Gray R, Perry MC, Brahmer J, Schiller

JH, Dowlati A, Lilenbaum R, Johnson DH.

Paclitaxel-carboplatin alone or with bevacizumab for
non-small-cell lung cancer. N Engl J Med. 2006; 355:
2542–50.

41. Reddy GK, Bukowski RM. Sorafenib: Recent
update on activity as a single agent in combination
with interferon-alpha2 in patients with advanced-
stage renal cell carcinoma. Clin Genitourin Cancer.
2006; 4: 246–8.

42. Demetri GD, van Oosterrom AT, Garrett CR,

Blackstein ME, Shah MH, Verweij J, McArthur G,

Judson IR, Heirinch MC, Morgan JA, Desai J,

Fletcher CD, George S, Bello CL, Huang X, Baum

CM, Casali PG. Efficacy and safety of sunitinib in
patients with advanced gastrointestinal stromal
tumour after failure of imatinib: A randomised con-
trolled trial. Lancet. 2006; 368: 1329–38.

43. Eto M, Naito S. Molecular targeting therapy for renal
cell carcinoma. Int J Clin Oncol. 2006; 11: 209–13.

44. Sparano JA, Gray R, Giantonio B, O'Dwyer P, Comis

RL. Evaluating antiangiogenesis agents in the clinic:
The Eastern Cooperative Oncology Group Portfolio of
Clinical Trials. Clin Cancer Res. 2004; 10: 1206–11.

45. Jain RK. Normalizing tumor vasculature with anti-
angiogenic therapy: A new paradigm for combination
therapy. Nat Med. 2001; 7: 987–9.

46. Shaked Y, Bertolini F, Man S, Rogers MS, Cervi D,

Foutz T, Rawn K,Voskas D, Dumont DJ, Ben-David

Y, Lawler J, Henkin J, Huber J, Hicklin DJ,

D'Amato RJ, Kerbel RS. Genetic heterogeneity of
the vasculogenic phenotype parallels angiogenesis:
Implications for cellular surrogate marker analysis of
antiangiogenesis. Cancer Cell. 2005; 7: 101–11.

47. Gasparini G. Metronomic scheduling: The future of
chemotherapy? Lancet Oncol. 2001; 2: 733–40.

48. Kerbel RS, Kamen BA. The anti-angiogenic basis of
metronomic chemotherapy. Nat Rev Cancer. 2004; 4:
423–36.

49. García-Barros M, Paris F, Cordon-Cardo C, Lyden D,

Rafii S, Haimovitz-Friedman A, Fuks Z, Kolesnick R.

Tumor response to radiotherapy regulated by endothe-
lial cell apoptosis. Science. 2003; 300: 964–7.

50. Denekamp J. Vascular attack as a therapeutic strat-
egy for cancer. Cancer Metastasis Rev. 1990; 9:
267–82.

51. Thorpe PE, Chaplin DJ, Blakey DC. The First
International Conference on Vascular Targeting:
Meeting overview. Cancer Res. 2003; 63: 1144–7.

52. Blagosklonny MV. Antiangiogenic therapy and
tumor progression. Cancer Cell. 2004; 5: 13–7.

53. Shannon AM., Bouchier-Hayes DJ, Condron CH,

Toomey D. Tumor hypoxia, chemotherapeutic resist-
ance and hypoxia-related therapies. Cancer Treat
Rev. 2003; 29: 297–307.

54. Gately S, Kerbel R. Therapeutic potential of selec-
tive cyclooxygenase-2 inhibitors in the management
of tumor angiogenesis. Prog Exp Tumor Res. 2003;
37: 179–92.



382 © 2007 The Authors
Journal compilation © 2007 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

55. Solomon SD, McMurray JJ, Pfeffer MA, Wittes J,

Fowler R, Finn P, Anderson WF, Zauber A, Hawk E,

Bertagnolli M, Adenoma Prevention with Celecoxib

(APC) Study Investigators. Cardiovascular risk asso-
ciated with celecoxib in a clinical trial for colorectal ade-
noma prevention. N Engl J Med. 2005; 352: 1071–80.

56. Bresalier RS, Sandler RS, Quan H, Bolognese JA,

Oxenius B, Horgan K, Lines C, Riddell R, Morton

D, Lanas A, Konstam MA, Baron JA, Adenomatous

Polyp Prevention on Vioxx (APPROVe) Trial

Investigators. Cardiovascular events associated with
rofecoxib in a colorectal adenoma prevention trial. N
Engl J Med. 2005; 352: 1092–102.

57. Albini A, Tosetti F, Benelli R, Noonan DM. Tumor
inflammatory angiogenesis and its chemoprevention.
Cancer Res. 2005; 65: 10637–41.


