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Abstract

In the past 35 years, significant findings have been made in relation to angiogenesis, and how
this usually normal physiological function is converted into an abnormal state in cancer. To
search for agents that can inhibit angiogenesis, and thereby prevent a tumour from proliferation
and spread that is ultimately fatal to the patient, various in-vitro assays have been developed. In
addition, older assays have been refined usually into high throughput screening formats, mainly
by the biopharmaceutical industry in their attempts to develop novel therapeutic molecules and
maintain a pipeline of lead candidates. The central aim is to extract more accurate data that
would facilitate the birth of innovative mechanisms to defeat aberrant angiogenesis in-vivo. At
the same time, better in-vivo models have been established, with the goal to mimic as close as
possible the natural progression of various types of neoplasms in response to a good angiogenic
response. More clinically relevant models are needed as anti-angiogenesis drug discovery and
drug development companies fast track their lead molecules from preclinical investigations to
phase I clinical trials.

Brief overview of angiogenesis

Angiogenesis is the process by which blood vessels form from pre-existing vessels (Risau
1998). The primitive vascular network, developed by vasculogenesis in the embryo, is
reworked and developed by angiogenesis. This allows maturation, branching and formation
of complex vasculature. Angiogenesis involves pruning, intussusception and enlargement
of vessels, allowing greater interaction with surrounding endothelial cells in the extracellular
matrix, pericytes and smooth muscle cells, thereby creating a stable vascular environment
(Zadeh & Guha 2003).

In the normal physiological state vascular endothelial cells in the normal adult organism
have a very low turnover, which is usually only crucial in conditions such as pregnancy and
wound healing. However, angiogenesis can be enhanced, promoted or inhibited in patholog-
ical situations such as solid tumour growth, retinopathy (Risau 1998), and atherosclerosis
(Conway 2003). It is in these situations that angiogenesis can be manipulated to prevent
further disease progression.

Chronic tissue hypoxia stimulates the angiogenic pathway, by initiating a cascade of
factors which stimulate endothelial cell proliferation and/or migration. It is the primary
mechanism whereby tumours grow and metastasize (Denko & Giaccia 2001). Since
tumour-angiogenesis is a crucial step in cancer, several in-vitro and in-vivo techniques used
in cancer disease research and drug development measure response to cell proliferation,
apoptosis and tube formation.

Tumour blood flow is abnormal and new tumour blood vessels do not resemble normal
blood vessels in healthy tissues. The tumour vasculature has widened lumens, aneurysmal
dilatations, fewer associated smooth muscle cells and pericytes, irregular blood flow,
regions of stasis, and high permeability. Ironically, while angiogenesis first nourishes a
tumour, it later can be the same channel via which various drugs may be delivered to the
tumour, even in a selective manner (Dass & Su 2001), and finally, when the vasculature
collapses, various central core zones of the tumour undergo necrosis as a result of unre-
coverable hypoxia.
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Anti-angiogenic therapy

Anti-angiogenic therapy, first proposed in 1971 (Folkman
etal 1971), has become an increasingly popular anticancer
strategy. Angiogenesis inhibition approaches have several
advantages over the conventional anticancer treatment
modalities. Unlike most cancer cells, vascular endothelial
cells (VECs) are readily accessible from the circulation and
are genetically stable and thus unlikely to develop drug
resistance (Kerbel 1997). VECs of the tumour are actively
proliferating and less differentiated in comparison with the
VECs of normal tissues (Folkman 1995). More than a score
of anti-angiogenic drugs are currently undergoing clinical
trials. These agents are not expected to be curative in the
conventional sense of the word (that is causing tumour
regression), but are anticipated to prevent the expansion of
the tumour mass. Thus, the tumour may remain in the benign
state for years (subject to regular check-ups) or may be erad-
icated by either surgery or a concomitant form of treatment
such as radiotherapy. Indeed, a combination of low dose
chemotherapy and different types of anti-angiogenic agents
are widely being evaluated in clinical trials (Saaristo etal
2000). The FDA has just recently approved the first anti-
angiogenesis drug, Avastin, which is a monoclonal antibody
against vascular endothelial growth factor (VEGF). Even
with conventional drugs against cancer, no one entity has
shown the capacity to work alone in regressing the clinical
pathology of cancer.

The molecular mechanisms of angiogenesis seem to vary in
differing tumour sites and, as such, anti-angiogenic treatment
modalities are likely to display variable effects in different
tumours (Saaristo etal 2000). Chronic use of anti-angiogenic
agents needs to be weighed against any possible delayed side
effects to angiogenic processes in the normal tissues within
the patient’s body. To date, inhibition of VEGF or its receptor
alone has shown some indications of efficacy in a variety
of tumour models (Presta etal 1997; Brekken etal 1998;
Goldman etal 1998; Kong etal 1998). What remains to be
seen is whether tumours are able to activate complementary
or alternative angiogenic pathways as a result of such a
‘monotherapeutic’ approach in long-term studies.

However, clinical trials only occur when the foundation on
which they stand is solid. This foundation, at its very base, is
the ability to identify potential anti-angiogenic compounds in
robust in-vitro cell-based assays. It is nowadays imperative
that drug discovery companies implement, maintain and build

on their screening assays towards a high-throughput screen-
ing (HTS) format. Select companies in fact have taken this a
bit further with ultra-high throughput screening (UHTS) for-
mats, but as it is not a simple task to set up cell-based assays
in even a 384-well format, UHTS will not be discussed in this
review. Once a lead candidate is identified from the anti-
angiogenic screens, then disease models with aberrant angio-
genesis are used for further testing. The challenge is to establish
clinically-relevant models in-house (usually a laborious and
costly exercise) or use the services of contract research orga-
nizations (CROs) who already have technical proficiency in
testing compounds in these models. Several recently used
syngeneic murine and human xenograft models which evalu-
ated anti-angiogenesis as a read-out, either directly or indi-
rectly, are listed in Tables 1 and 2. These form the bulk of the
tasks involved with pinpointing the potency of anti-ang-
iogenic activity of a lead molecule.

Types of in-vitro assays

Methods that use non-human endothelial cells (ECs) will not
be considered in this review, since there are differences
between getting anti-angiogenic activity with murine cells for
example compared with human endothelial cells. Endothelial
cells used in the laboratory are meant to proliferate, whilst
those in-vivo generally do not unless pushed, such as in
wound healing or during the menstrual cycle. Cells grown in
culture are by their very nature different from those in-vivo,
as is now common knowledge.

A widely used technique to measure cell proliferation
and cell death is via the incorporation of radiolabelled pre-
cursor molecules into cellular macromolecules. [3H]Thymi—
dine incorporation can be used as a direct measure of DNA
replication. Responses are measured autoradiographically or
by liquid scintillation counting. In a study profiling drug
candidate ZD4190, cellular proliferation was measured
using [3H]thymidine incorporation. The experiment meas-
ured rate of proliferation by amount of tritium incorporated
into cells using a beta counter (Wedge et al 2000). Autoradi-
ographic detection of thymidine is more suited to malignant
cells and is time-consuming. Recently a study demonstrated
the capability of a bioactive portion of parathyroid hormone
(PTH) molecule to increase the proliferation of human
umbilical endothelial cells (HUVECsS) using [3H]thymidine
incorporation technique (Ding et al 2005).

Table 1 Basic syngeneic murine tumour models used for testing anti-angiogenesis agents in the past five years

Cell line Mouse strain Test agent Treatment details Reference

Lewis lung C57BL6 Angiozyme From day 3, os. pump, for 14 days, Pavco etal (2000)
intravenously

Lewis lung C57BL6 Cyclophos. + TNP-470 From 3rd day, every 2 days, for 20 days Browder et al (2000)

Lewis lung C57BL6 VE-cad antibody From day 21, for 24 days, 2 x/week, Liao etal (2000)
intraperitoneally

Lewis lung C57BL6 Endostatin From day 14, for 7 days, subcutaneous Kisker etal (2001)
08. pump

A549 carcinoma C57VL/6] ST1481 Orally by gavage every Petrangolini et al (2003)

MeWo melanoma Swiss nude BALB/c ST1481 4th day or 5 times/week for 2 weeks Petrangolini et al (2003)

B16 (melanoma) C57BL/6 Taxol Intraperitoneal injection for 3 weeks Wang et al (2003a)
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The resazurin assay (Promega) is an indirect high throughput
method of assessing cell viability. This commercially available
product is based on the ability of healthy cells to reduce resazurin
to resorufin. Proliferation can be measured either spectrophoto-
metrically or through measurement of fluorescence, which is
much more sensitive (O’Brien etal 2000). Apart from the avoid-
ance of dealing with radiolabels, advantages of this assay over
conventional radioactive assays include: homogeneity; simplic-
ity; less cost; non-labour intensive; rapidity of assessment of pro-
liferation of large number of samples; non-toxicity; usefulness in
determining the kinetics of cell growth of hybridomas; and non-
interference of secretion of antibodies by a hybridoma cell line
(Ahmed etal 1994). However, there are a few concerns with this
assay, including the possibility of accumulation of fluorescent
product in the medium, which may cause an overestimation of
the cell population (O’Brien etal 2000).

Apoptosis is the process of programmed cell death which
occurs in normal physiological function, and caspases play an
integral part in the cascade of events which results in apoptosis.
Caspase 3 is an effector caspase and has a major role in apop-
totic events including processing caspase 7. Commercially
available, various forms of the caspase 3/7 whole cell assay
exploit the apoptosis cascade. This assay detects caspase 3
and 7 activity within whole cells by introducing the substrate
Z-DEVD-R110, conversion of which is then fluorometrically
measured. Earlier studies used a similar peptide as substrate to
measure time-resolved fluorescence (Preaudat etal 2002). The
apoptosis assay has given insight into how the fraction of inter-
est causes a decrease in cell viability. Various companies are
looking at ways to combine both proliferation and apoptosis
assays on the same well in a HTS format. On the other hand,
there is the choice of using the lactate dehyrogenase (LDH)
release assay, which is now available in homogeneous formats,
for measurement of cell necrosis. However, the kits are not as
straightforward to use as the ones for apoptosis.

One of the most relevant in-vitro assays for angiogenesis is
the tube formation assay. Endothelial cell migration can be
assessed using extracellular matrices like laminin, collagen,
fibrin and Matrigel (Lawley & Kubota 1989). Currently in our
research group, Matrigel-based tube formation assays using
human microvascular endothelial cells 1 (HMEC-1) cells are
being developed to investigate materials of interest and their
effect on cellular function. Endothelial cells can form lumen

containing tubule structures. The affects of potential anti-
angiogenic compounds are assessed visually in their ability to
interfere with this process. The method can be adapted to a 96-
well HTS format as has been done in our laboratory with read-
out possible within 2h of cell seeding (Figure 1). Normal times
for tube formation range from 6h (Polykratis etal 2005) to over-
night. This technique has worked for a variety of different murine
endothelial cell lines plated in a 48-well format (Walter-Yohrling
2004). The advantages of this method are reproducibility, time-
efficiency, fluorescent staining capability and the option of soft-
ware analysis which, however, increases the cost of analysis.

The limitation of assays using monolayers (or suspen-
sions) is that the setup is artificial and does not yield an
accurate predictive model which gives insight into the clini-
cal efficacy of the compound (Kunz-Schughart etal 2004).
A realistic model of avascular solid tumour growth should
include all factors of mitosis, apoptosis and necrosis, proc-
esses dependent on the local pressure as well as growth fac-
tor and nutrient concentrations (Dormann & Deutsch 2002).
Recently, a 3-dimensional (spheroid) method for growing
cells to emulate the in-vivo environment has been proposed
(Ahammer et al 2001), but this still is very much an artificial
set-up. Thus, the in-vivo study is the only way to increase
the chances of definitely identifying an anti-angiogenic
compound.

One of the better models available is the in-vitro culture of
fragments of human placental blood vessel (Brown etal
1996). In this technique, a fragment of human placental blood
vessel is embedded in a fibrin gel in microculture plates and it
gives rise to a complex network of microvessels during a
period of 7 to 21 days in culture. The response does not
require the addition of exogenous growth factors, providing a
convenient system for testing substances for their ability to
stimulate or inhibit a human angiogenic response. RT-PCR
strongly implicated aFGF, bFGF, and VEGF as having an
important role in the neovascularization response. This was
further confirmed by the ability of neutralizing antibodies to
aFGF, bFGF, and VEGEF to inhibit the angiogenic response to
varying extents. This assay, which can be performed in
microcultures, was also shown to be an excellent method for
screening for potential inhibitors and enhancers of human
angiogenesis. However, probably due to technical difficulties
and variation between vessels from different donors and

Vehicle control

Suramin

Figure 1 Tube formation and its inhibition with suramin. HMEC-1 cells were seeded at a concentration of 50 000 cells/well in a 96-well format.
Treatment was administered immediately thereafter and microphotographs taken 2 h later. Microscope magnification 40 X. Data is representative of

triplicate samples analysed on two different days by each of two operators.



intra-donor differences along different sections of the pla-
centa vessels, this method has not been adopted readily for
routine testing.

A similar approach using tumour tissue was taken by
Gulec & Woltering (2004). Fragments of tumour tissue
were embedded in fibrin gels containing basal medium,
endothelial growth factors, fetal bovine serum, and epsilon-
aminocaproic acid. Tumour implants sprouted angiogenic
vessels that progressively grew into the fibrin matrix. The
differential growth pattern of tumour cells and angiogenic
vessels in the fibrin gel matrix separated the angiogenic ves-
sels and the tumour stroma into independently observable
regions (vessel and tumour compartments). However,
exploiting such a difference in culture is already introducing
an artificial phenomenon into the assay dynamics. In any
case, all tumour fragments studied showed angiogenic
sprouting into the fibrin matrix. Availability of human
tumour specimens would be a major hurdle to the routine
use of this method.

Types of in-vivo assays

Directed in-vivo angiogenesis assay (DIVAA) is a reproduci-
ble and quantitative in-vivo method of assaying angiogenesis.
It involves subcutaneous implantation of semi-closed silicon
cylinders (angioreactors) — filled with 18 uL of extracellular
matrix premixed with or without angiogenic factors — into
nude mice (Guedez etal 2003). Vascularization response is
measured by intravenous injection of fluorescein isothiocy-
anate (FITC)-dextran before their recovery, followed by spec-
trofluorimetry. The technique allows accurate dose-response
analysis and identification of effective doses of angiogenesis-
modulating factors in-vivo. High levels of FITC-dextran are
not significantly influenced by vascular permeability, inhibi-
tion correlates with decreased endothelial cell invasion. The
DIV AA assay can compare potencies of angiogenic factors or
inhibitors and profiling molecular markers of angiogenesis
in-vivo (Guedez et al 2003).

A traditional method used is that of the chick chorioallan-
toic membrane (CAM). Day 7-9 chick embryos are exposed
by making an opening in the egg shell, and the tissue and
organ grafts placed directly on CAM. Window-sealed eggs
are re-incubated, and the grafts are recovered after a given
incubation period. Imaging techniques give measurements of
the bifurcation points in the designated area around the test
site. One limitation of this assay is that the response is in
accordance to the individual chicken cells’ response. The
CAM may rapidly change morphologically and gradual
change in the rate of endothelial cell proliferation during the
course of embryonic development may lead to confounding
results (Auerbach etal 2003).

The corneal angiogenesis assay is the preferred ‘gold
standard’ method in many laboratories. The cornea is avas-
cular, therefore vessels in the cornea after stimulation by
angiogenesis-inducing factors are new vessels. A stromal
pocket is made in the cornea, test tumours/tissues are intro-
duced into the pocket, and this brings about the formation of
ingrown new vessels from peripheral limb vasculature.
Growth factors (VEGF or bFGF) are immobilized in a slow
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release form in an inert hydron pellet of approximately 1—
2 uL volume, or alternatively in sponge, ELVAX (ethylene
vinyl copolymer), or nitrocellulose membranes (Fahmy et al
2003; Zhang etal 2004). Over a five- to seven-day period
angiogenic factors stimulate the ingrowth of vessels from
the adjacent vascularized corneal limbus. Anti-angiogenic
compounds may be administered systemically or as an eye
droplet. A photographic record is created by slit lamp pho-
tography. The appearance, density and extent of these ves-
sels are evaluated and scored. Vessels are evaluated for
length, density and the radial surface of the limbus from
which they emanate (expressed as clock-faced hours).

Sustained administration by osmotic pump implant has
also been performed in the corneal neovascularization assay
(Ambati etal 2002; Yu etal 2004). One popular method for
quantification is by FITC-labelled high molecular weight
dextran. The advantages of this assay are that progress of
angiogenesis can be monitored, as there is the absence of an
existing background vasculature in cornea, and the ability to
cost-effectively test in mice (if surgical proficiency is
achieved). However, the disadvantages include demanding
surgery, as only six animals can be comfortably implanted in
a day, the space available for introducing test material is
limited, and sometimes inflammatory reactions are difficult
to avoid. One other weakness of the method is that it is an
atypical site because the cornea is avascular (Auerbach
etal 2003).

The other commonly used method is that of the Matrigel
plug. Matrigel containing test cells or substances is injected
subcutaneously where it solidifies to form a plug. The plug
is recovered after 7-21 days and examined histologically to
investigate the extent of the blood vessels within. Fluores-
cence measurement of plasma volume using fluorescein
isothiocyanate (FITC)-labelled dextran or measurement of
the amount of haemoglobin in the plug allows a certain
degree of quantitation. This assay can be misleading, as
blood content is affected by size of the vessels. The method
is also difficult to control since plugs in different mice may
vascularize differently. An alternative is to use the sponge/
Matrigel in mice, where a sponge or tissue fragment is
inserted into the plug. New vessels are measured by injec-
tion of FITC-dextran described for the corneal assay. A
major disadvantage of the sponge/matrigel method is that
it is more time-consuming than the standard Matrigel
plug assay.

A tumour growth assay and subsequent angiogenesis
assay on the dissected tumour can also be performed and
is quite clinically relevant. Tumours are generated by
injection of appropriate tumour cells into C57 mice (mouse
tumours, example B16 melanoma) or into immune-compro-
mised SCID or nude mice (human tumours, well-vascular-
ized types). Treatments are given systemically and typical
treatments continue for 2—4 weeks. Data collected includes:
tumour volume (length x width x height in mm?®) during
study, tumour weight at the end of study, and histology
sections. Blood vessels may be highlighted in sections
using EC-specific immunostains such as antibodies against
CD31. Digital calipers are essential for accurate and
time-efficient measurements (Zhang etal 2004; Mitchell
etal 2004).
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Another clinically relevant assay is the metastasis estab-
lishment assay. Murine (e.g. B16) or human cancer cells
(e.g. PC3M) are injected into the tail veins of mice. Mice
are treated systemically, by subcutaneous or intraperitoneal
injection. After a certain period, the animals are killed and
the lungs are weighed to determine tumour growth. Tumour
nodules on the surface of lungs are enumerated using a dis-
secting microscope. Lung micrometastases are enumerated
using haematoxylin and eosin (H&E) staining and micros-
copy. A further, though challenging, assay would take into
account intravasation of metastatic cells from the primary
site of the tumour in the test animal into the circulation, and
then spread to distal sites of secondary growths. Such ortho-
topic or transgenic models are usually difficult to control
due to interanimal differences not only in tumour and meta-
static growth kinetics, but also in the way different test
treatments are handled by each animal.

Quantitation of tumour angiogenesis, based on microves-
sel density, is increasingly being used to estimate the exten-
siveness and aggressiveness of a given tumour as well as
predicting its response to various forms of treatment
(Sokoloff & Chung 1999). Endothelial cell markers such as
CD31 are used to correctly identify VECs in sections of the
tumour. The higher the microvessel count, the lower the rate
of survival of cancer patients (Weidner etal 1991). However,
the same authors (Weidner etal 1992) cautioned that mean
vascular density (MVD) was rather heterogeneous in tumours
and that histosection analysis might lead to false negative
results if regions of low vascular density were examined. In
any case, more sections may need to be analysed to allow a
better representation of the tumour tissue microvessel archi-
tecture. Ideally, a 3-dimensional mapping of the tumour in
terms of vessel density will need to be done to acquire a true
picture of the extent of vascularization.

The use of tissue-isolated tumours fed by a single artery
and connected with a single vein has allowed research into
perfusion rates, drug pharmacokinetics and metabolism in
tumours in mice (Kristjansen etal 1994, 1996) and man
(Less etal 1997). A modified Sandison rabbit ear chamber
permits great optical data acquisition since the tumours
and suppliant vessels are both readily visible and accessi-
ble (Dudar & Jain 1983). The modified Algire mouse dor-
sal chamber enables researchers to evaluate both
angiogenesis and tumorigenesis in immunodeficient and
genetically engineered animals, thus increasing the power
of such studies significantly (Leunig etal 1994). The use
of the cranial window in mice and rats (Yuan etal 1994)
has enabled the monitoring of angiogenesis and tumori-
genesis induced by the administration of different growth
factors in a real-time mode. Single vessels of a tumour
may be perfused with the use of these windows (Lichtenbeld
etal 1996).

Thus, in-vivo assays are of utmost importance in evaluat-
ing the true potential of an anti-angiogenic compound. How-
ever, the assay has to be chosen carefully with due diligence
since choosing the wrong model can lead to wasted efforts
and loss of productive time. There are no hard and fast rules,
but if it is cancer that is being targeted, then an assay looking
at inhibition of angiogenesis is required. The clinical rele-
vance of each assay must be considered and balanced against

Table 3 Common angiogenic growth factors

Angiogenin

Fibroblast growth factors: acidic (aFGF) and basic (bFGF)

Granulocyte colony-stimulating factor (G-CSF)

Interleukin-8 (IL-8)

Leptin

Placental growth factor (PIGF)

Platelet-derived endothelial cell growth factor (PD-ECGF)

Platelet-derived growth factor-BB (PDGF-BB)

Transforming growth factor-alpha (TGF-a)

Transforming growth factor-beta (TGF-2)

Tumour necrosis factor-alpha (TNF-a)

Vascular endothelial growth factor (VEGF)/ vascular permeability
factor (VPF)

Table 4 Common naturally occurring angiogenic inhibitors

Angiostatin (plasminogen fragment)
Antiangiogenic antithrombin III (aaATIII)
Canstatin

Cartilage-derived inhibitor (CDI)
Endostatin (collagen XVIII fragment)
Fibronectin fragment

Human chorionic gonadotropin (hCG)
Interferon alpha/beta/gamma
Interleukin-12 (IL-12)

Kringle 5 (plasminogen fragment)
Metalloproteinase inhibitors (TIMPs)
2-Methoxyestradiol (2-ME)

Pigment epithelial-derived factor (PEDF)
Prolactin 16 kDa fragment
Thrombospondin-1v

Transforming growth factor-beta
Tumistatin

Vasculostatin

Vasostatin (calreticulin fragment)

cost-effectiveness and the value that needs to be added to the
lead candidate. The beauty about angiogenesis assays such as
the Matrigel plug is that if a pro-angiogenic effect is discov-
ered (some examples of such agents are listed in Table 3) in
contrast to angiogeneic inhibitors (common naturally occur-
ring agents are listed in Table 4), then the indication could be
cardiovascular disease or wound repair.

Summary

Several in-vitro and in-vivo angiogenesis assays have been
established over the past three decades. Old assays have been
continuously refined, and new ones are quickly adopted by
anti-angiogenic drug R & D companies attempting to find
better drug candidates to inhibit angiogenesis, especially in
in-vivo assays. It is imperative that clinically-relevant models
are used to facilitate a smoother transition from preclinical to
clinical testing. With better technologies, including high-
throughput screening, it is hoped that more efficacious anti-
angiogenic compounds will be discovered and developed in
the future.
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