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Medical oncologists are increasingly using anti-angiogenic drugs, but identifying the best-suited drug
and the optimal dosage and schedule for treatment of patients remain challenging issues. Circulating
endothelial cells (CECs) and circulating endothelial progenitors (CEPs) are modulated in a variety of
diseases including cancer, and are promising surrogate biomarkers in oncology. Molecular surrogate
markers, on the other hand, are more scanty at the present time, because the identification of truly
endothelial cell-restricted genes and/or antigens is complex. Here, we discuss the biological and
technical facets of the search and validation of new biomarkers for angiogenesis.

A number of ‘molecularly targeted’ anti-angiogenic drugs such as
bevacizumab (Avastin®), ranibizumab (Lucentis), sunitinib
(Sutent®), and sorafenib (Nexavar) are now available for clinical
oncologists and ophtalmologists [1-4]. Their clinical use, however,
suffers from several relevant limitations. Although some large
clinical trials have demonstrated a benefit of these drugs in terms
of prolonged survival of cancer patients or increased visual func-
tion in patients with blinding conditions such as age-related
macular degeneration (AMD), there is a compelling need for
determining the optimal biologic dose (OBD) of these drugs,
monitoring their biologic activity, selecting and stratifying the
patients who are most likely to benefit from treatment. In medical
oncology, problems related to the definition of the OBD for such
drugs include the low frequency of tumor responses (tumor shrink-
age); the lack, in some cases, of dose limiting toxicities (DLT)
normally used to define a maximum tolerated dose (MTD),
observed frequently when using cytotoxics but not as frequently
when using certain anti-angiogenic drugs; and (in either oncology
and ophthalmology) significant (if not optimal) therapeutic activ-
ity at doses below the MTD. Most of these drugs are extremely
expensive [5,6], and the escalating cost of clinical care underlines
the urgent need for development and clinical validation of bio-
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markers of angiogenesis for patient selection and stratification and
for OBD tailoring [1-4,7].

Molecular and imaging strategies to measure
angiogenesis and anti-angiogenic drug activity

A number of preclinical angiogenesis assays and models have been
generated. Growth factor (VEGF or FGF)-induced generation and
quantification of new vessels is possible in the cornea or in the skin
of some animal models, for example mice or rats [4]. The chick
embryo chorioallantoic membrane (CAM) assay is based on the
implantation of a gelatin sponge with the agent on the top of the
growing CAM on day 8 of development. In this technique, after
implantation, the sponge is treated with a stimulator of blood
vessel formation in the absence or presence of an angiogenesis
inhibitor, and evaluated for neovessel formation [8]. These pre-
clinical approaches have limitations: some are poorly standar-
dized, some are difficult to reproduce and in many cases
reference values are scanty. Moreover, these invasive measure-
ments are not adaptable to patients. Thus, the evaluation of the
efficacy of a given anti-angiogenic therapy so far has been mainly
based on the measurement of microvessel density (MVD) in biopsy
samples [9]. In this approach, blood vessels are visualized by
immunohistochemistry for endothelial-associated antigens, for
example CD31, CD34, CD10S or von Willebrand factor, vWf.
Positive vessels are counted under the microscope in a manual
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or digital fashion. This approach has also major drawbacks. First, it
is invasive, second, it is difficult to standardize, third the MVD of a
biopsy does not sometimes correlate with the MVD of an entire
lesion because of tumor tissue heterogeneity. In addition, changes
in MVD are not necessarily induced with some antiangiogenic
drugs even though the absolute numbers of blood vessels is
diminished, for reasons outlined by Hlatky et al. [9].

The measurement of circulating endothelial growth factors
Another approach is to measure circulating or urinary levels of
angiogenic growth factors, such as VEGF, b-FGF, HGF and IL-8 as
in some types of cancer, the pre-treatment circulating levels of one
or more of these factors predict patient survival [10-13]. Endocan
(also called endothelial cell-specific molecule-1), has been found to
be implicated in the regulation of cell adhesion, in inflammatory
disorders and tumor progression [14]. Endocan is now considered a
biomarker of both inflammatory disorders and tumor progression,
and has been validated as a therapeutic target in cancer.

Soluble VEGF receptors such as VEGFR1, VEGFR2 and VEGFR3
are currently being investigated in a variety of cancer indications,
involving patients treated with anti-angiogenic therapies in order
to understand their potential as surrogate biomarkers. For exam-
ple, it was shown in renal cancer patients receiving the tyrosine
kinase inhibitor sunitinib, circulating levels of VEGF-A and PIGF in
the blood increased during each cycle of treatment, whereas
soluble VEGFR2 decreased. Within two weeks after treatment
stopped, the levels of these biomarkers returned to near basal
levels but the respective changes could be induced again during
the next (4 week) cycle of daily therapy [15]. More work is needed
to ascertain whether these biomarkers can predict patients’ survi-
val of response to anti-angiogenic therapies [16,17].

Imaging angiogenesis

Functional imaging is another promising approach for the mea-
surement of angiogenesis and anti-angiogenic drug activity.
Dynamic contrast magnetic resonance imaging (DCE-MRI), for
instance, measures changes in tumor blood flow and vascular
permeability [18]. This procedure has been successfully used in
a small number of phase I and II clinical trails of anti-angiogenic
drugs. The downside of this method is that it requires expensive
instrumentation, and standardization issues are still pending.
Clinical validation has not yet been shown, despite some early
promising indications [18].

Some investigators are using MRI-related techniques for the
imaging of the tumor vasculature. Mulder et al. [19] used a(v)B3
targeted bimodal liposomes to quantitate angiogenesis by MRI and
to evaluate the therapeutic efficacy of angiogenesis inhibitors. The
authors validated their findings by fluorescence microscopy and
showed an interesting positive correlation with MVD. Another
innovative approach is 3D-power Doppler ultrasound, which has
recently been applied to functional studies on vasculogenesis in
preclinical models [20]. In this context, a new generation of
protein-targeted contrast agents for multimodal imaging of VEGF
receptors has recently been described. These probes are based on a
single-chain recombinant VEGF with a cysteine-containing tag
that allows site-specific labeling of cancer vessels with contrast
agents to be depicted in a highly selective and specific way by CT or
PET [21].

Molecular markers of angiogenesis

The search for molecular markers of angiogenesis and thereby of
anti-angiogenic drug activity has been hampered by a crucial
obstacle. Endothelial cells share the large majority (if not all) of
their antigens with other hematopoietic or mesenchymal cells
[22]. CD31, CD34, vWf or CD105, for example, which are antigens
used for MVD quantification, are not only expressed by endothe-
lial cells but also by hematopoietic cells, platelets and some
fibroblasts subpopulations. Thus, the quantification of these anti-
gens as proteins released in circulation or their mRNA transcripts
will result in information of limited clinical predictive value. Many
attempts have been made to purify cancer-specific endothelial
cells and to screen for genes or proteins expressed only by these
cells. The transcriptome of endothelial cells purified from cancer
patients has been investigated by different laboratories. Smirnov
etal. [23] identified 61 genes overexpressed in circulating endothe-
lial cells (CEC) from cancer patients compared to CEC from
healthy volunteers. In another study [24], 17 genes were identified
that were overexpressed in tumor endothelium from colorectal
cancer patients compared with angiogenic endothelium of normal
tissues. Another study has recently identified 25 transcripts over-
expressed in tumor versus normal endothelial cells, including 13
that were not found in the endothelial cells of regenerating liver
[25]. These putative markers (or genetic signatures) should still be
fully validated in the clinical setting, but they are potentially
important also for the development of therapeutics specifically
targeting tumor vessels.

So far, only a small number of genes is considered to be truly
endothelial-restricted or endothelial-specific. One of these is VE-
cadherin, which has been found to be expressed outside of the
endothelial lineage only by stem cells in utero [26]. Interestingly, the
number of copies of VE-cadherin transcripts in the blood of cancer
patients is significantly increased when compared to healthy con-
trols [27]. However, caution should be applied when using this
candidate biomarker to investigate the anti-angiogenic activity of
a given drug or therapeutic strategy. In fact, VE-cadherin RNA
expression is markedly reduced (or absent) in apoptotic endothelial
cells. Thus, the number of circulating VE-cadherin transcripts most
likely reflects the number of circulating endothelial cells and their
viability status, and thus the number of CECs should be taken into
consideration when interpreting these results.

Recent studies have reported an increase of circulating tran-
scripts for the endothelial progenitor cell-related CD133 antigen
in the blood of cancer patients [28-30]. It should be noted, how-
ever, that CD133 is expressed also by hematopoietic progenitors
and other cell types [22]. Thus, further work is needed to under-
stand the cellular source of the CD133 transcript increase in the
blood of these patients.

Cellular markers of angiogenesis and anti-angiogenic
drug activity

It was first reported in the mid 1970s that cells with endothelial
characteristics circulate in the blood [31]; it took two more decades
to establish a procedure to quantify the CEC population. In
healthy subjects, this numerically rare cell population is stable
in quantity and represents 1/1000-100 000 of circulating blood
cells [22,32]. In many pathological conditions, such as cancer, the
number of CECs is increased (Figure 1). The majority of CECs
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FIGURE 1

Some of the actors playing a role in cancer angiogenesis and vasculogenesis: Cancer vessels may release CECs with a mature phenotype, either viable (because of
high levels of VEGF secreted by cancer cells), or apoptotic. Marrow-derived CEPs seem to play different parts in different cancer types and in different phases of
cancer growth. Other cell populations playing a distinctive role are tumor associated dendritic cells (TADC), Tie-2 expressing monocytes promoting angiogenesis
(TEM), VEGFR1-positive cells initiating metastatic niches and VEGF-secreting hematopoietic cells and perycites.

shows characteristics of mature, terminally differentiated and
frequently apoptotic cells (the first morphological studies
described them as ‘anucleated carcasses’), only a subpopulation
of which expresses antigens that suggest a stem-like or progenitor-
like phenotype (Figure 2). As discussed below, these putative
circulating endothelial progenitors (CEPs) might home to sites
of vasculogenesis and angiogenesis and participate in new blood
vessel formation by stimulating vasculogenesis [33].

The Hebbel laboratory was the first to describe the quantitative
and functional relationship between CECs and CEPs [34]. Using a
Y-chromosome gene marking approach in recipients of gender-
mismatched bone marrow transplants, they were able to distin-
guish between CEPs from the bone marrow (i.e. donor-derived
cells), and CECs from vessel walls (i.e. host/recipient-derived).
More than 90% of endothelial cells in the blood were found to
be of recipient origin. When cultured in vitro, these endothelial
cells expanded only approximately 20-fold, in contrast to donor-
derived endothelial cells, which expanded approximately 1000-
fold. This indicates that most CECs probably originate from vessel
walls and have limited growth capability, whereas only a rare CEC
subpopulation — most likely derived from the bone marrow and
defined as CEPs - is responsible for the large majority of the
endothelial cell proliferative potential. This hypothesis was con-
firmed by studies indicating that CEPs from peripheral blood could
generate mature endothelial cells in vitro and in vivo in vascular
grafts [35,36].

CEPs maintain a proliferative potential that mature CECs have
lost, so that clonogenic cell culture assays should be possible.
However, recent studies indicate that the large majority of colonies
generated in commercially available assays for endothelial CEPs
are of myeloid origin and have no vasculogenic potential [37].
Therefore, a more endothelial-specific strategy is needed. In addi-
tion, subjective evaluation of colony staining is at risk for inter-
operator variability.

Antigenic and functional definition of CECs and CEPs
Differentiating CEPs from CECs based on different expression of
surface molecules is very difficult because of the antigenic pro-
miscuity amongst hematopoietic cells and progenitors, platelets,
CECs and CEPs as mentioned above. In fact, there is no single
antigen to discriminate between CECs, platelets and hematopoie-
tic cells [22,33].

The first procedure to quantify CECs was developed by Dignat-
George and Sampol [38], who used magnetic beads coupled to an
anti-CD146 monoclonal antibody to isolate CECs from peripheral
blood. It later became clear that CD146 is not an endothelial-
specific antigen, so that the true endothelial identity of putative
CECs isolated in this fashion had to be confirmed by vWf and/or
lectin UEA-1 expression and by the absence of the pan-hemato-
poietic marker CD45 [39].

In another procedure, using multiparametric flow-cytometry,
whole blood was labelled simultaneously with different
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FIGURE 2

Representative relative distribution of some of the antigens expressed in
CECs, as depicted by flow cytometry. The image indicates that virtually all
CECs express CD31, but only some fractions (suggested by the size of the
relative spot) express other endothelial markers such as CD146, VEGFR2,
VEGFR1, CD105 or CD144. The relative sizes of other subpopulations (such as
CD133 + CEPs, or VEGFR3 + CECs possibly involved in lymphangiogenesis)
are also suggested by the size of the spots. The CD133 spot is designed across
the CD31 border to indicate the existence of non-endothelial CD133+ cells.

monoclonal antibodies. Endothelial cells were identified by the
expression of markers such as CD31, CD146 or VEGFR2; CD45 was
used to exclude hematopoietic cells from the analysis. The use of a
nuclear staining for DNA is crucial to exclude aggregated platelets
and/or endothelial microparticles (that share surface markers with
CECs and CEPs) from the CEC count [22].

Hematopoietic stem cells (HSC), but not mature hematopoietic
cells, express CD34, which is why this antigen has been widely used
to identify progenitor cells with a clonogenic potential. However,
CD34 is also expressed by mature endothelial cells, and thus it
cannot be used to differentiate CEPs from CECs [22,33,40]. At
present, CD133 seems to be the sole antigen that is expressed in
CEPs and subsequently downregulated in mature CECs [40]. Unfor-
tunately, in humans CD133 is also expressed by HSCs, so that a
phenotypicdistinction between CEPs, HSC and (should they existin
adults) bi-potential hemangioblasts [41] is not possible.

The CD133 antigen has been well characterized in humans, but
in mice it is not yet established whether it can be used to depict
CEPs. In the mouse, the c-kit (CD117) antigen is expressed on
HSCs, and only a subpopulation of mouse CECs express CD117.
For this reason, we have proposed to use CD117 as a surrogate CEP
marker in mice [42,43]. To avoid contamination with HSC, only
CD117+/CD45— cells should be analyzed.

Methodological inconsistency between flow cytometry proce-
dures, involving differences in the combinations of markers, gat-
ing strategies, and the occasional use of a pre-enrichment step, has
led to different CEC values reported in the literature (summarized
in Ref. [32]). Thus, there is a need for standardization of flow
cytometry procedures to minimize intra- and inter-laboratory
variability.

Cellular markers and their correlation with other
preclinical surrogate markers of angiogenesis

In order to validate the potential of CECs and CEPs as preclinical
surrogate markers of angiogenesis, we took advantage of the
genetically induced difference in angiogenic responsiveness
among different mouse strains (it is currently unclear whether
such a wide variability exists also in humans). We studied eight
different strains and angiogenesis was assessed using the corneal
micropocket assay in the mouse eye. The mouse strains differed up
to 10-fold in their response to VEGF [42]. A highly significant
positive correlation was found between the response after VEGF
stimulation and the absolute number of CECs and CEPs in normal
(unstimulated) mice. These results were confirmed using the
Matrigel (subcutaneous) plug perfusion assay for angiogenesis
[42] indicating that the number of CECs and CEPs is indeed
representative of the angiogenic response. To investigate whether
quantification of CECs and CEPs could be used to determine the
OBD of targeted anti-angiogenic drugs in mice, we treated mice
with DC101, a rat monoclonal antibody specifically blocking
mouse VEGFR2 [44], which has an optimal anti-tumor therapeutic
dose in the range of 800-1200 ng/mouse. As expected, this dose
led to the greatest decrease in tumor volume and also to the lowest
level of viable CEPs only one week after treatment was initiated.
Increasing the dose did not cause further reductions in levels of
CEPs. To rule out that CEP levels merely reflect the reduction in
tumor growth and are not a consequence of the OBD of the drug,
we evaluated viable CEPs in non-tumor bearing mice. Dose-escala-
tion studies confirmed that 800 png/mouse is the OBD of DC101 as
judged by the induction of the lowest level of CEPs. A highly
significant correlation between lowered levels of viable CEPs and
the OBD of the tested was confirmed testing other antiangiogenic
drugs including small molecules, antibodies and blocking pep-
tides. In addition, we found that quantification of CECs and CEPs
can be used to determine the OBD in cancer-bearing mice treated
with low-dose ‘metronomic’ chemotherapy, a cancer treatment
strategy thought to have an antiangiogenic basis [45]. Taken
together, these findings underline the potential of CEC and CEP
measurement for helping to establish OBD.

CECs as surrogate markers of angiogenesis and anti-
angiogenic drug activity in medical oncology

CEC levels are increased in the peripheral blood of patients
affected by some types of cancer, and return to normal values
in patients undergoing complete remission [16,22,46-49]. In pre-
clinical models we used either MTD cyclophosphamide (CTX) or
endostatin as paradigms of drugs with primarily cytotoxic versus
endothelium-restricted activities. In mice given CTX at the MTD,
most of the circulating apoptotic cells were hematopoietic and not
endothelial, and a significant proportion of CECs were viable.
After treatment with endostatin, most CECs were apoptotic,
whereas hematopoietic cells were viable [50].

In metastatic breast cancer patients treated with low dose
metronomic chemotherapy using CTX and methotrexate, the
CEC count after two months of continuous (daily) therapy was
a particularly good predictor of disease-free and overall survival
after a follow-up of more than two years. Patients showing a CEC
count above physiological levels after two months of therapy had a
significantly improved progression-free and overall survival [47].
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TABLE 1

Strengths and limitations of some methods assessing cancer-related angiogenesis in patients

Method (Refs)

Strengths

Limitations

Microvessel density [9]

Allows morphological comparisons
(e.g. branching vs. sinusoidal vessels)

Tumor tissue heterogeneity, prone to reader-
dependent variability

Circulating endothelial growth factor
(e.g. VEGF, b-FGF) measurement by ELISA [10-14]

Easy to standardize and reproduce

Active uptake of many growth factors from
platelets and other cells may hamper the
clinical relevance of these measurements

Imaging (e.g. Dynamic MRI, [18])

Simultaneous study of multiple parameters
(including for instance vascular permeability)

Expensive and restricted to centres with
adequate instrumentation

Flow cytometry CEC and CEP enumeration [22]

Simultaneous enumeration of a variety of
cell (or cell fragment) populations

Procedures require standardization

CEC enumeration by Immunohistochemistry [38,39]

Allows morphological confirmation of the
endothelial nature of the cells

Subject to reader-dependent variability

Quantitative enumeration of endothelial-specific

High (potential) specificity

Subject to the activation or viability status of

or cancer endothelial-specific transcripts [23-27]

endothelial cells.
Transcripts might not be stable in the blood

The increased number of CECs in patients with a clinical benefit
was mostly because of an increased number of apoptotic CECs.
This is because antiangiogenic agents are thought to reverse cancer
vessel abnormalities [51] and in this scenario, the remodelling
process likely involves a shedding of apoptotic endothelial cells
from cancer-associated vessels. In preclinical studies, we did not
observe arise in the number of CECs in cancer-free animals treated
with metronomic chemotherapy—only in tumor-bearing mice

BOX 1

CECs and CEPs as potential therapeutic targets

CECs are apoptotic cells/carcasses from vessel wall turnover. CEPs
are potentially contributing to vasculogenesis, and can be
considered as therapeutic targets. In angiogenic-defective Id-
mutant (Id1+/—1d3—/—) mice, wild-type CEPs restored tumor
angiogenesis and growth [52]. Other conflicting studies showing
negligible CEP contribution to tumor vessels [53,54] were later
explained by the findings that CEP contribution to the tumor
vasculature depends on variables such as tumor stage, size, type
and/or mouse strain [55-60]. In patients’ tumors [57], CEP-derived
vessels were enumerated as about 5% of all cancer endothelial
cells; in mice, a CEP role was found in late- [58] or early stage
[59,60] cancer vascularization. CEPs might be relevant in tumor
relapse after chemotherapy or anti-vascular treatment [48,61-64],
and this might explain how antiangiogenic drugs can augment
chemotherapy efficacy [63]. In addition to CEPs, other marrow-
derived circulating cell populations might be involved in tumor
angiogenesis ([65-69], Figure 1). These cells might be investigated
as biomarkers, if enumeration procedures are clinically validated.
Unlike cancer cells, endothelial cells have been considered to be
genetically normal [70]. However, in mice [71] and in clinical
studies [72-74] tumor endothelial cells were found to share the
same genetic alterations observed in cancer cells. These
observations may have different possible explanations. Endothelial
and neoplastic cells may derive from a common hemangioblast.
Genetically altered endothelial cells might be generated from
‘horizontal’ DNA/chromosome transfer [75]. Microenvironmental
factors might de-differentiate neoplastic cells toward the
endothelial phenotype [76]. Finally, cancer and endothelial cells
might fuse spontaneously to create cell hybrids. These
observations underline the need for a better definition of
cancer-related endothelial cells.

was this observed. Taken together, these findings suggest that
the cancer-associated vasculature is most likely the predominant
source of the rise in apoptotic CECs seen in breast cancer patients
treated with metronomic therapy, thus confirming the potential
of this surrogate biomarker.

The measurement of CECs, of their viability, and of CEC sub-
populations (e.g. VEGFR2 + CECs, activated CD10S5 + CECs, or
VEGFR3 + CECs, possibly involved in lymphangiogenesis) might
be useful for OBD finding in phase I-II studies on antiangiogenic
drugs, alone or in combination with chemotherapeutics. When
considering that in undifferentiated patient pools, the number of
non-responders could jeopardize a trial’s endpoint, CEC-related
measurements might also be of help to identify responders and
non-responders to a given therapeutic regimen including anti-
angiogenic drugs or strategies such as metronomic chemotherapy.
This patient stratification may significantly reduce the (otherwise
rampant) costs of novel antiangiogenic cancer therapies by target-
ing treatments to those patients most likely to benefit (Box 1).

Conclusions

Surrogate biomarkers of angiogenesis are urgently needed to better
design preclinical studies and clinical trials involving anti-angio-
genic drugs, alone or in association with other therapies. Table 1
summarizes the pros and cons of different angiogenic markers
currently available and under scrutiny in clinical oncology for
OBD finding and patient stratification. As more anti-angiogenic
agents enter the clinical arena for more indications, it is becoming
clear that these drugs may induce unforeseen side effects
[17,77,78]. The biomarkers described in this review might also
be of help in the prediction and management of these side effects.
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