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General Introduction
Cancer is the leading cause of death (31%), thereby exceeding death by cardiovascular
diseases (29%) (Data extracted from CBS). For that reason, the development of new
oncological treatment strategies is of great social importance and may hopefully
contribute in the future to transpose cancer from an inevitably lethal disease to a
chronic disease. For now, cancer treatment development is far from that utopia, but
the research field is rapidly progressing forwards.
Over the past few decades, remarkable and significant advances have been
achieved in cancer therapy, including chemotherapeutic agents, their mode of
application and broader therapeutic strategies. Promising new therapeutic targets
have emerged in the past ten years as a result of recent progress in our understanding
of the pathobiology of malignant cells.
Based on these new insights in tumorpathobiology, more and more new oncological
treatments are being discovered. Cancer treatment is shifted from general cytotoxic
therapies in which all tissues are exposed to the anti cancer agents, towards targeted
more tailor made therapies in which predominantly cancer cells are affected. This
kind of personalized medicine aims to minimize the one-size-fits-all approach by
matching each patient to a specific treatment based on the genetic and molecular
characteristics of that person’s tumor.
In this dissertation I will introduce and discuss recent progress in the development
of new agents that inhibit tumor growth by inhibiting the vascular endothelial
growth factor (VEGF) pathway, their side effects and their future potential in cancer
therapy.
Angiogenesis is a physiological process involving de novo growth of new blood
vessels during embryonic development (vasculogenesis) or neogrowth or regrowth of
vasculature from pre-existing vessels (angiogenesis). Endothelial cell proliferation,
migration and assembly, is induced by various molecules and growth factors including
VEGF, angiopoietin-1 (Ang1) and basic fibroblast growth factor (bFGF). VEGF receptor
2 (VEGF-R2) (also KDR: kinase domain region or Flk-1) binds VEGF very specifically
and is the main mediator of the mitogenic, angiogenic and permeability enhancing
effects of VEGF. Agents targeting the VEGF pathway, aim to inhibit endothelial cell
proliferation and migration via inhibition of VEGF, thereby preventing angiogenesis.
By inhibition of this process, the tumor is refrained from oxygen and nutrients,
finally resulting in arrest of growth. Based on this biology, inevitably these VEGF
inhibiting agents represent their own specific toxicity profile as VEGF is an important
modulator in cell regulation and maintenance of healthy cells. (Chapter 1)
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Inhibition of the VEGF pathway has demonstrated its clinical benefit in the treatment
of cancer in many (pre)clinical trials. Phase III studies have shown clinical activity
of adding bevacizumab, VEGF-A inhibiting monoclonal antibody, to conventional
chemotherapy regimens for advanced colorectal (5-FU and irinotecan), breast
(paclitaxel) and lung cancer (paclitaxel and carboplatin). VEGF-R2 tyrosine kinase
inhibitors (VEGFR-TKI) (i.c. sunitinib and sorafenib) have proven themselves as
single-agent treatment in advanced renal and hepatocellular cancer leading to their
approval for these indications.
Nevertheless single agent treatment with these agents has not always proven to
be satisfactory, and effective cancer therapies might require the administration of
several agents and/or methods under the design of their synergistic effects. In this
thesis I will focus on the safety and feasibility of combinatorial treatment strategies
in which experimental VEGF inhibiting therapies are combined with approved
anticancer treatments, like chemotherapy, bevacizumab and cetuximab in order to
maximize anti tumor effect of treatment. (Chapter 3, 4 and 5)
VEGF inhibiting agents have a different toxicity profile than convential
chemotherapeutic agents. One of the most frequently observed side effects of VEGF
inhibition is hypertension. It can discomfort the patients by symptoms of headache
and dizziness and in some cases it can proceed to life threatening conditions like
malignant hypertension or posterior leucoencephalopathy syndrome, a neurological
condition, characterized by headache, hypertension and white matter disturbances
on MRI. Therefore, hypertension is one of the major causes of discontinuation of
VEGF inhibiting treatment and thereby prohibits maximal treatment with these
agents. In chapter 6, a study is described in which we explored intervening medical
strategies to prevent hypertension during treatment with a VEGF inhibiting agent in
order to maximize the therapeutic potential of the therapy.
Besides being a target for therapy, endothelial cells may also reconstitute other
implications in antitumor therapy. Circulating endothelial (progenitor) cells (CE(P)
Cs) reflect the angiogenic activity of a tumor and are therefore believed to be a
potential biomarker that can aid clinicians in the management of patients treated
with antiangiogenic agents. The use of CE(P)Cs for cancer staging and personalization
of therapy at the time of diagnosis, but also during therapy, could improve patient
care by preventing overtreatment and unneeded toxicity. Understanding how and
when biomarkers can be integrated into clinical care is crucial to translate the
promise into reality. However, translation from bench to bedside outside of the
research setting has proven to be more difficult than might have been expected,
mainly caused by incompetence to define the best way to enumerate and to define
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exact origin and phenotype of these cells. In order to encounter these problems, in
chapter 7, a methodological evaluation of enumeration of endothelial cells by four
color flow cytometry analysis is presented. This approach might make it possible to
compare different quantification strategies and thereby could result in persuing a
uniform biomarker-application.
Moreover, besides the above mentioned implications, endothelial progenitor cells
are thought to play an important role in the angiogenesis driven process of tumor
growth. Although there is no general agreement on the relative contribution of these
cells to tumor growth, it is univocally demonstrated in preclinical models that these
cells are involved in primary tumor growth, recurrence, or metastasis formation. It
has also been demonstrated that anti-tumor therapy could even induce mobilization
of these cells, preventing tumor necrosis and resulting in a counter effect of the
initial therapy. (Chapter 2) This phenomenon could be prevented by the addition
of a VEGF inhibiting agent. In order to translate preclinical findings to the clinic,
in chapter 8 and 9 endothelial cell and related growth factors were measured in
cancer patients treated with chemotherapy and radiofrequency ablation thereby
providing a biologically based rational to combine these standard therapies with
VEGF inhibiting agents.

Chapter 1 |
The molecular basis of class side effects due to
treatment with inhibitors of the VEGF/VEGFR pathway
JML Roodhart, MHG Langenberg, PO Witteveen, EE Voest
Department of Medical Oncology, University Medical Center Utrecht, Utrecht,
The Netherlands

Current Clinical Pharmacology, 3 (2008) 132
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Abstract
Vascular Endothelial Growth Factor (VEGF) is considered to be one of the most
important regulators of angiogenesis and a new key target in anti-cancer treatment.
Various clinical trials have validated the clinical importance of anti-VEGF or antiVEGF receptor (VEGFR) therapy. Currently the humanized monoclonal antibody
bevacizumab (blocks VEGF-A), and the tyrosine kinase inhibitors sunitinib and
sorafenib (inhibit VEGFRs) are approved for patients with various malignancies and
several others are expected in the coming years. Unfortunately, anti-VEGF/VEGFR
treatment is not void of side effects. An array of unexpected side effects is now
seen in clinical practice. Management of these side effects is extremely important
in the development of the various anti-VEGF/VEGFR therapies and their optimal
use. This review provides an overview of the toxicity profile of this class of agents,
the molecular basis behind these side effects and indicates potential options for
management.
VEGF and its receptors play an important role in normal tissues and are widely
expressed. It is likely that interference with this pathway induces an array of side
effects due to the lack of normal function of VEGF. A consistent pattern of side
effects is now emerging. Hypertension, gastro-intestinal toxicity, hypothyroidism,
proteinuria, coagulation disorders and neurotoxicity are side effects observed with
both anti-VEGF and anti-VEGFR inhibitors. For these side effects the role of VEGF/
VEGFR pathway in normal tissue was reviewed in order to provide a molecular
mechanism that linked side effect with physiological activity of VEGF/VEGFR. Insight
into the molecular basis may aid specific supportive care measures to ensure optimal
use of this class of agents.
Conclusion Inhibiting the VEGF/VEGFR pathway is an effective approach to treat
cancer. It has also provided new insight into the physiological role of this pathway
in various organs. Integrating the knowledge in daily oncological practice will be a
challenge for the future.
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Introduction
Vascular endothelial growth factor (VEGF) was originally discovered as a tumorsecreted protein that increased microvascular permeability to plasma proteins. Now
VEGF is considered to be one of the most important regulators of angiogenesis. [1] An
abundance of preclinical studies have validated the VEGF/VEGF Receptor (VEGFR)
signaling pathway as a target of anti-cancer treatment. Bevacizumab is a humanized
monoclonal antibody that was developed to neutralize VEGF-A. Several randomized
clinical trials have now shown that the addition of bevacizumab to chemotherapy
improves the response rates and prolongs survival in breast, lung and colorectal
cancer. [1,2] Further support for the clinical importance of this pathway comes from
studies with VEGFR tyrosine kinase inhibitors such as sorafenib and sunitinib. [3-5]
This has lead to a surge in the development of different targeted approaches. These
include antibodies directed against VEGFR’s, conjugated soluble VEGFR receptors,
tyrosine kinase inhibitors (TKI) that block the downstream signaling from membranebound VEGFR, antisense and HIF targeting agents. (Table 1)
Table 1 | Different targets of VEGF inhibiting therapy
Drug type

Working mechanism

Direct VEGF/VEGFR inhibition
Anti-VEGF antibody (bevacizumab)

Inhibition of VEGF-A by a monoclonal antibody

VEGFR antibody

Inhibition of the various VEGF-receptors by different
monoclonal antibodies

VEGF receptor tyrosine kinase
inhibitors (see table 2)

Inhibition of the downstream signaling from VEGFR

VEGF-Trap

Inhibition of VEGFR1/2 by a soluble decoy receptor

VEGF antisense

Antisense oligodeoxynucleotides against VEGF:
inhibition of VEGF mRNA synthesis

Indirect VEGF inhibition
COX2 inhibitors

Inhibition of the COX2-stimulated VEGF expression

LY317615

Inhibition of PKC, which is important in the VEGF
signaling cascade resulting in angiogenesis

mTOR inhibitors

Inhibition of mTOR, member of PI3K family, which is
important in the VEGF signaling pathway resulting in
angiogenesis

HIF-1 targeting agents

Inhibition of the HIF-1 induced VEGF expression and
angiogenesis
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The clinical use of anti-VEGF/VEGFR treatment has also introduced an array of
uncommon side effects to clinical practice. Management of these side effects
is extremely important in the development of the various anti-VEGF/VEGFR
approaches. Here we provide an overview of the toxicity profile of this class of
agents, the molecular basis behind these side effects and indicate potential options
to manage these side effects.

The VEGF/VEGFR signaling pathway
VEGF is a multifunctional cytokine that exerts several important effects on endothelial
cells to promote the formation of new blood vessels. VEGF-A is the best studied
member of a large family of dimeric glycoproteins acting as growth factors. Other
family members are VEGF-B, VEGF-C, VEGF-D, VEGF-E, platelet-derived growth
factor (PDGF) and placenta growth factor. VEGF is essential for normal development
of blood vessels. The role of VEGF in developmental angiogenesis is emphasized by
the finding that loss of a single VEGF allele results in defective vascularisation and
early embryonic lethality. [1] VEGF is over-expressed by the majority of solid human
tumors and is also of importance in a variety of haematological malignancies. [6]
VEGF expression is controlled by several different mechanisms. Hypoxia is a major
inducer of VEGF gene transcription. The promoter region of the VEGF gene contains
a hypoxia-responsive element (HRE) that binds the transcription factor hypoxia
inducible factor 1 (HIF-1). [7,8] Other mechanisms of VEGF regulation are tumor
suppressor genes, oncogenes, cytokines, steroid hormones, protein kinase C agonists
and iron deficiency. [1,2,9,10] VEGF binds with high affinity to the transmembrane
tyrosine kinase receptors VEGFR-1 (Flt-1), VEGFR- 2 (KDR, flk-1) and VEGFR-3.
VEGFR-1 binds both VEGF-A and VEGF-B, VEGFR-2 binds VEGF-A, -C and –D and
VEGFR-3 binds VEGF-C and –D. The differential binding properties of VEGFR1-3
may be relevant for distinct biological effects of this pathway on angiogenesis,
lymphangiogenesis, progenitor cells and the immune system. [1,2,11] VEGF also
interacts with a family of co-receptors, called neuropilins. Through binding to
neuropilin-1, VEGF binding to VEGFR2 is enhanced. Therefore neuropilin serves
to regulate VEGF/VEGFR2 interactions, rather than serve as a receptor for direct
cytokine signaling. [12] Neuropilins are believed to play a role in neuronal guidance
and in the neural response to injury. [13] VEGFR-1 and VEGFR-2 are predominantly
expressed on the cell surface of endothelial cells but are also expressed by other
cells, including platelets and tumor cells. The binding of VEGF to the VEGFR-2 is
responsible for the mitogenic, angiogenic and permeability effects of VEGF. Binding
of VEGF to VEGFR-2 results in dimerization of the receptor and subsequent tyrosine
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phosphorylation followed by induction of several proteins in endothelial cells. The
downstream proteins of this pathway include phospholipase C, PI3-K, GAP, the Ras
GRPase-activating protein and MAPK. [11] VEGFR-1 signaling results in the induction
of vascular-bed specific release of growth factors. VEGFR-1 does not mediate an
effective mitogenic signal in endothelial cells. [2] VEGFR-3 is largely restricted to
lymphatic endothelial cells. [1] The primary functions of VEGF are mitogenesis,
angiogenesis, and endothelial survival.

Side effects of VEGF/VEGFR inhibition
Because VEGF and its receptors are widely expressed, interference with this pathway
may induce an array of side effects. Depending on the specificity of the VEGF/VEGFR
inhibitor side effects may differ. Bevacizumab is the most selective VEGF inhibitor:
it specifically inhibits VEGF-A. The large scale clinical experience with this agent
allows a thorough analysis of the side effects that occur after blocking VEGF-A.
Bevacizumb is generally well tolerated but a number of uncommon side effects
such as hypertension, proteinuria, fatigue, bleeding, thrombo-embolism and gastrointestinal perforations are reported. Where bevacizumab is a highly specific VEGF-A
inhibitor, the VEGFR-TKI may inhibit different VEGFRs and inhibit other kinases
thereby potentially broadening the toxicity profile. Table 2 provides an overview of
the specificity of the various VEGFR-TKI to inhibit the VEGF/VEGFR pathway. Table
3 summarizes the different toxicity profiles. [4,14-22] Please note that these tables
do not provide a complete overview of all VEGF TKI’s as this list is rapidly expanding
and this is not the main focus of this review. For the specificity and toxicity profiles
of additional agents please see the review of Eskens and Verweij. [23] In this review
we limit ourselves to side effects that we consider to be class effects of VEGF/
VEGFR inhibition.

Hypertension
Blood pressure homeostasis is maintained through a tightly regulated balance
between vasoconstrictive and vasodilating activity. The VEGF/VEGFR signaling
pathway is a regulator of vasodilatation. Exposing isolated canine coronary arteries
to VEGF induces a dose-dependent relaxation. In animal studies, infusion of VEGF
results in an immediate significant drop in blood pressure. [24] Administration of VEGF
in humans induces dose-dependently vasodilatation with tachycardia, hypotension
and a decrease in cardiac output. [1,25,26] In various trials with VEGF-A antibody
and VEGFR-TKI inhibitors hypertension was the predominant, and expected, side
effect. However, there are clear differences in the incidence and severity of the
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Table 2 | Specificity and half-life of the various VEGFR-TKI
IC50
Drug

Target

VEGFR1

VEGFR2

VEGFR3

T½

Bevacizumab

VEGF-A

—

—

—

T½ 8-24h.

PTK 787
(Vatalanib)

VEGFR-1/2/3, flt-4,
PDGFR, c-kit

0.077 μM

0.037 μM

0.66 μM

T½ 3-6h.

SU 5416
(Semaxinib)

VEGFR-1/2, PDGFR-1, 0.008 μM
flt-3

0.200 μM

—

T1/2 43 m.

SU 11248
(Sunitinib)

VEGFR-1/2/3,
PDGFR, c-kit, flt-3

Ki 0.002 μM 0.004 μM

Ki 0.017 μM T½ 44h.

BAY 439006
(Sorafenib)

VEGFR-2/3, Raf,
PDGFR, c-kit

—

0.090 μM
murine
0.015 μM

human ND
murine
0.020 μM

T½ 27h.

ZD 6474

VEGFR-2/3, EGFR,
FGFR-1, RET

—

0.04 μM

0.11 μM

T½ 120h.

AG-013736

VEGFR-1/2/3,
PDGFR, c-kit, FGFR

0,0012 μM

0.00025 μM 0.00029 μM T½ 2-5h.

AZD 2171

VEGFR-1/2/3

0.005 μM

<0.001 μM

<0.003 μM

T½ 12-35 h.

Abbreviations: h.: hours; m.:minutes

hypertension. Table 4 summarizes the reported hypertension in the various clinical
trials. [4,14-19,22,27-34] Because it is believed that treatment with VEGF/VEGFR
inhibitors should be given without interruption and hypertension is a frequent reason
to delay treatment, it is essential to understand the molecular basis of the induced
hypertension. This allows timely and adequate management of these side effects.
The development of hypertension caused by VEGF/VEGFR inhibition can be
explained by the normal function of VEGF in stimulating the production of mediators
of vasodilatation, nitric oxide (NO) and prostacyclin (PGI2), by endothelial cells.
VEGFR-2 is the predominant receptor mediating the production of NO and PGI2.
[26,35,36] A lack of NO and PGI2 causes an increase in peripheral vascular resistance

and thereby an increase in blood pressure. For the production of NO and PGI2 various
pathways are used. The three different pathways through which VEGF can induce
NO are seen in Figure 1. Firstly, VEGF binding to VEGR2 activates endothelial-type
nitric oxide synthase (eNOS) calcium-independent via the PI3K/AKT pathway. [26,35]
Secondly, VEGF activates eNOS by elevating intracellular calcium through PLCg/IP3.
[36] Finally, vasodilatation may be induced by a VEGF-independent activation of

VEGFR-2. VEGFR-2 is sensitive to shear stress and can be activated by mechanical
force in absence of VEGF to enhance NO production using the same intracellular
pathway as triggered by VEGF. [26,37] It is likely that Src kinases transduce signals
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from potential mechanosensors, such as integrins, to mechanotransducers, including
VEGFR2. Some evidence suggests that a complex of the vitronectin receptor (avb3)
and VEGFR-2, is necessary for mechanotransduction. These findings are supported
by the observation that the VEGFR-2 compound TKI SU1498 was able to inhibit flowmediated dilation. [26,37] VEGF stimulates PGI2 production via the MAPK cascade,
as illustrated in figure 1. [36]
Table 3 | Toxicity profiles of VEGF inhibiting therapy
Drug

Grade 3/4 side-effects

Bevacizumab

hypertension, bleeding, trombo-embolism, gastro-intestinal
perforations, proteinuria

PTK787/ZK222584
(Vatalanib)

hypertension, thrombo-embolism, nausea, vomiting, diarrhea, fatigue,
dizziness, ataxia

SU5416
(Semaxinib)

thrombo-embolic disease, nausea, vomiting, fatigue, headache

SU11248
(Sunitinib)

hypertension, nausea, vomiting, diarrhea, fatigue, lymphopenia,
neutropenia

BAY 43-9006
(Sorafenib)

hypertension, nausea, vomiting, diarrhea, fatigue, anorexia, handfood syndrome, rash

ZD 6474

hypertension, nausea, diarrhea, fatigue, rash, prolonged QT interval

AG-013736

hypertension, nausea, vomiting, diarrhea, fatigue, stomatitis

AZD2171

hypertension, nausea, diarrhea, fatigue, dyspnoe

Other major factors influencing vasoconstriction and blood pressure are
endothelin-1, RAAS and catecholamines. Endothelin-1 is a vasoconstrictor, produced
by endothelial cells. VEGF inhibits endothelin-1 secretion by endothelial cells.
Inhibition of VEGF could therefore lead to an increase in endothelin-1 production
by endothelial cells and thereby increase vascular tone. [38] In a recent trial
with sorafenib there were no statistically significant changes in catecholamines,
endothelin-1, urotensin II, plasma renin, and aldosteron. There was a significant
increase in blood pressure in 75 % of the patients and vascular stiffness increased
significantly. The authors concluded that an adrenergic or renal cause of the
hypertension is unlikely. [19] However, it is important to note that sampling for
renin and aldosteron measurement should be performed under strict and specific
conditions. This study did not specifically address this issue, therefore we can not
rule out an effect of these hormones.
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Figure 1 | VEGF stimulates the production of mediators of vasodilatation, nitiric oxide
(NO) and prostacyclin (PGI2) through various pathways (see page 232 for the color figure).
Table 4 | The occurrence of hypertension in the various clinical trials
Hypertension Reference grade
1-2

grade
3-4

no. of
patients

Phase Drug scheme

Bevacizumab

[31]

11%

11%

n=393

III

once every 2 weeks

Vatalanib

[42]

unknown

21%

n=585

III

daily

Sorafenib

[44]

17%

4%

n=451

III

twice daily

Semaxinib

[17]

0%

0%

n=13

II

twice weekly

Sunitinib

[45]

12%

17%

n=97

II

4 weeks on /
2 weeks of

AG-013736

[87]

27%

15%

n=52

II

twice daily

ZD 6474

[88]

13%

5%

n=77

I

once daily

AZD 2171

[89]

16%

19%

n=36

I

once daily

Clinical experience demonstrates that some patients have an immediate
response to VEGF/VEGFR inhibitors and develop hypertension within minutes
after administration. Other patients have a delayed response and hypertension
develops days to weeks after first drug administration. Furthermore, not all patients
being treated with VEGF inhibitors develop hypertension. Therefore, there must
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be interpatient variation with respect to the intracellular pathways used and the
relative contribution of the different vasodilators in maintaining each patient’s blood
pressure. This would also explain why different anti-hypertensive medications are
effective in different patients and there is not a single way to treat the hypertension.
For example, in mice the contribution of endothelium-dependant vasodilators in
regulating blood pressure differs between male and female mice. When eNOS and
COX-1, necessary for the release of NO and PGI2, are absent in knockout mice female
mice maintained normal tension and intact endothelium dependant relaxation. In
contrast, male mice developed hypertension and endothelium dependant relaxation
was suppressed. It is tempting to speculate that hormonal and genetic factors
contribute to these differences. [39]
Furthermore, TKI’s seem to evoke more hypertension than VEGF-A inhibitors.
A possible explanation for this is the important role of VEGFR-2 in the vasoactive
function of VEGF. VEGFR-2 is fully blocked with the TKI’s. However, bevacizumab
specifically blocks VEGF-A allowing VEGFR-2 to be activated by VEGF-C and by
shear stress. This may explain the relatively low incidence of hypertension during
bevacizumab treatment compared to treatment with VEGFR-TKI’s. Even within the
group of TKI’s there is much variation in the occurrence of hypertension. As shown
in Table 4, the most hypertension is seen with vatalanib, AZD2171 and AG-013736.
These three agents all inhibit VEGFR-2 very effectively, especially AZD2171 and AG013736. The agents sorafenib, semaxinib and ZD6474 inhibit VEGFR-2 less specific. In
contrast, sunitinib does not induce a very high incidence of hypertension. Whether
this is a result of the treatment regimen of 4 weeks on, two weeks off remains to be
determined. There is much variation in the reported frequency of hypertension in
different trials with the same agent. This is independent of tumor type, for example
patients with renal cancer do not develop more hypertension compared to patients
with gastric or colon cancer. [31,40] Hypertension is generally managed with standard
oral anti-hypertensive medication and a hypertensive crisis can be prevented by
regular blood pressure measurements and by informing patients on the symptoms of
hypertension. All anti-hypertensive medication can be used, e.g. calcium-channel
blockers, angiotensin-converting–enzyme inhibitors, diuretics and beta-blockers.
It remains unclear which medication or which sequence of medication is most
effective. It is important to be aware of the half life of the various anti-VEGF/VEGFR
agents (see Table 2). Stopping inhibitors with a short half life should be accompanied
by stopping the antihypertensive medication to avoid reciprocal hypotension.
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Proteinuria
VEGF is important in maintaining normal glomerular endothelial function. [26] The
consequences of an absent VEGF-A is seen in patients treated with bevacizumab.
Proteinuria is seen in more than 30% of the patients treated with bevacizumab.
Proteinuria is mostly grade 1-2 and less than 2% op the patients developed a grade 3
proteinuria. It is rarely a clinically relevant problem although nephrotic syndrome is
seen sporadically and due to glomerulopathy. [27-32,41] Proteinuria partly correlates
with hypertension but hypertension most likely is not a luxating factor. In a trial with
bevacizumab 54% of the patients with grade 2/3 hypertension developed proteinuria
grade 2/3. Of the patients with hypertension grade 0/1 only 16% developed
hypertension (p 0.007). [32] In general, VEGF TKIs do not induce proteinuria. In two
large fase III trials with valatinib [42,43], in various trials with sorafenib and sunitinib
no proteinuria was reported. [44,45] Only in a phase I trial with AG-013736 8% of
the patients developed proteinuria, which suggests that VEGF TKI are capable of
inducing proteinuria but that is a rare event. [16]
The importance of VEGF in the maintenance of glomerular endothelial health
is emphasized by the example of pre-eclampsia. Pre-eclampsia affects about 5% of
pregnant women and is characterized by the onset of hypertension and proteinuria.
Several recent studies have demonstrated that pre-eclamptic patients have elevated
levels of a soluble form of VEGF receptor-1 (sVEGFR-1). Soluble VEGF receptor-1
forms complexes with VEGF and placental growth factor (PlGF), reducing the levels
of free, active VEGF. [46,47] In rat studies inhibition of VEGF by addition of addition
of soluble VEGFR-1 causes hypertension and proteinuria. VEGFR-2 blocking in rats
leads to glomerular endotheliosis with endothelial dysfunction, capillary occlusions
and fibrin. These glomerular changes are similar those seen in women with preeclampsia. [47,48] VEGF is important in maintaining the integrity of the glomerular
filtration barrier because of its cytoprotective function for endothelial cells. VEGF
exerts its cytoprotective function in several ways. Firstly, by activating the PI3K/Akt
pathway which stimulates expression of anti-apoptotic genes like Bcl-2 which inhibits
the expression of pro-apoptotic factors like Bad and caspase 9. [49] Up regulation
of eNOS and NO production is the second pathway by which VEGF exerts its antiapoptotic effect. NO production causes inhibition of the cysteine protease activities
of caspases. The third way is by inducing decay-accelerating Factor (DAF) expression
on endothelial surface through a VEGFR-2 and PKC dependant intracellular pathway.
DAF is a membrane-bound glycoprotein which protects against complement mediated
injury and is therefore important in maintaining vascular integrity especially during
inflammation, thrombosis and angiogenesis. [49]
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Clinical experience demonstrates that proteinuria is mostly very mild and
asymptomatic. Treatment of the proteinuria or cessation of therapy is rarely needed.
It is not clear why proteinuria mainly occurs with bevacizumab and is only rarely
reported for tyrosine kinase inhibitors.

Coagulation disorders
Together with hypertension and gastro-intestinal perforations, bleeding and
thromboembolic events form the most important and consistent side effects seen with
bevacizumab. The occurrence of thromboembolic events and bleeding complications
grade 3/4 are noted in Table 5 and vary between 1-2% for thromboembolic events
and up to 6% for bleeding complications in four large trials. [50-53]
Table 5 | The incidence of thrombo-embolic events and bleeding complications various
VEGF inhibiting agents
Study

ref. No. of
patients

Deep vein
thrombosis

Pulmonary
embolus

Arterial
thrombosis

Bleeding
complications

grade 3/4

grade 3/ 4

grade 3/ 4

grade 3/ 4

drug vs placebo drug vs placebo drug vs placebo drug vs placebo drug vs placebo

Bevacizumab
– Kabbinavar [50] 244 vs 237

7% vs 6%

–

5% vs 3%

5% vs 2%

– Hurwitz

[53] 109 vs 98

5,1% vs 6,4%

6,1% vs 2%

2% vs 4,6%*

6,4% vs 1%

– BRiTE

[51] 1960

–

–

2,1%

1,9%

– BEAT

[52] 1509

1,4%

1,2%

0,7%

1,3%

– CONFIRM-1 [42] 585 vs 583

4,7% vs 3%

6,0% vs 1,4%

1,9% vs 1,4%

2,9% vs 2,8%

Sorafenib

[44] 451

Not reported Not reported Not reported Not reported

Sunitinib

[45] 97

Not reported Not reported Not reported Not reported

Valatinib

* any grade

Thromboembolic events are divided in arterial and deep vein thrombosis. In the
First BEAT trial with 1509 patients the arterial thromboembolic events consisted
of TIA/stroke, myocardial infarction, iliac artery thrombosis, embolism and angina
pectoris. Two of the 13 reported arterial thromboembolic events were fatal. The most
serious bleeding complications were seen in patients with squamous cell carcinoma
of the lung treated with bevacizumab. In a trial of 60 patients with non-small-cell
lung cancer treated with bevacizumab, 6 patients developed a major hemoptysis,
4 events were fatal. The hemoptysis was associated with squamous cell histology,
tumor necrosis and cavitation, and disease location close to major blood vessels.
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[27] The bleeding complications (1,3%) in the colorectal cancer trials were mainly

gastrointestinal (rectal bleeding, haematemesis and other gastrointestinal bleeding),
but also one case of cerebral bleeding was described. The bleeding was fatal in 7 of
the 23 cases. [52] With anti-VEGFR therapy in general less thromboembolic events
or serious bleeding complications are seen. With valatinib, an increase of venous
thrombosis grade 3/4 is seen, but no increase of arterial thrombosis or bleeding
complications grade 3/4. [54] In a phase III trial with sorafenib and a fase II trial with
sunitinib no thromboembolic events were reported. [44,45,55] In a phase I trial with
SU5416 in combination with gemcitabine/cisplatin an extremely high incidence of
thromboembolic events occurred, 9 events in 8 of the 19 patients. In an analysis of the
parameters of the coagulation cascade and vessel wall activation in these patients
a cycle-dependent increase of thrombin, von Willebrand factor (vWF), tissue factor
(TF) and s E-selectin was found reflecting endothelial cell and coagulation cascade
activation. With SU5416 alone only an increase of endothelial cell activation was
found and with gemcitabine/cisplatin alone only an increase in thrombin was found.
Therefore the combination of SU5416 with gemcitabine/cisplatin caused the very
high prothrombotic state. [56] Besides this study and although the experience with
other VEGFR-inhibitors is relatively limited, it seems that thromboembolic events
and serious bleeding complications are not very important with these agents.
The increased risk of bleeding and thrombosis may be explained by the
physiological function of VEGF in maintaining haemostasis. VEGF exerts this
function via stimulating endothelial cell proliferation, endothelial cell protection,
stimulation of synthesis of both anti- and prothrombotic factors and a direct function
on platelets. As explained above VEGF is one of the most important proliferative
and cytoprotective factors for endothelial cells and is therefore essential for
normal repair [49,56-58] Inhibition of VEGF might lead to a reduced cell renewal
capacity in reaction to trauma which both makes the endothelium more vulnerable
for bleeding. The reduced cell renewal capacity leads to endothelial dysfunction
and defects in the interior vascular lining causing exposure of the subendothelial
collagen, activation of tissue factor and an increased risk of thrombosis. [59] VEGF
supports the normal anti-thrombotic function of the endothelium by stimulating
the synthesis of NO and PGI2 as explained above Figure 1. NO and PGI2 exert both
an anti-proliferative effect on the underlying vascular smooth muscle cells and an
inhibitory effect of platelet aggregation, although the direct anti-thrombotic effect
of VEGF through NO and PGI2 has not been proven yet (Figure 2). [58] Besides NO
and PGI2, VEGF increases the expression and activation of the fibrinolytic proteases
urokinase and tissue-type plasminogen activator. In addition to the stimulation of
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these antithrombotic pathways VEGF also stimulates prothrombotic pathways. VEGF
induces the expression of plasminogen activator inhibitor, von Willebrand factor
(vWF) and tissue factor (TF). [58] Stimulation of endothelial cells with VEGF results
in a TF dependent increased platelet adhesion. [60] Furthermore platelets have been
found to influence the endothelium condition and might have an important role as
regulators of endothelial cell function. [56] VEGF is released by platelets and at the
site of haemostatic plugs an increased level of VEGF is found. [58] Platelets contain
VEGFR-2 and there is evidence that VEGF might be important in platelet function,
inhibition of VEGF could therefore cause platelet dysfunction and disturbances of
haemostasis. [56]

Figure 2 | Vascular protective function of VEGF. VEGF stimulates endothelial cell
proliferation, endothelial cell protection, stimulation of synthesis of both anti- and
prothrombotic factors and a direct function on platelets (see page 232 for the color
figure).

The VEGF/VEGFR pathway plays a important role in homeostasis. It appears that
there is an delicate balance of prothrombotic and antithrombotic activities which may
be disturbed by agents that inhibit VEGF or VEGFR. This may rarely cause bleeding
complications and thromboembolic events. It is important to note that patients with
cancer have an increased risk of bleeding or thrombosis unrelated to treatment.
VEGF/VEGFR inhibitors add only marginally to that risk. Therefore, as general
recommendation inhibitors of the VEGF/VEGFR pathway are only contraindicated
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in patients with active tissue ischemia. Patients with squamous cell carcinoma of
the lung have a relative contraindication for treatment with bevacizumab. Low dose
aspirin have not been found to further increase the risk of bleeding associated with
bevacizumab. [61]

Gastro-intestinal perforations
Another side effect of anti-VEGF therapy is an increased risk of gastro-intestinal
perforations. In the two large compassionate use trials with bevacizumab, BRiTE and
First BEAT, with respectively 1960 and 1509 patients, 1,7% and 0,9% of the patients
developed a gastrointestinal perforation. [62,63] In the BRiTE trial perforations were
associated with the presence of the primary tumor, recent prior sigmoidoscopy /
coloscopy and prior adjuvant radiotherapy. NSAID use and a prior history of peptic
ulcer disease or diverticulosis were not associated with an increased risk. [51] In
a trial with 403 patients with colorectal cancer treated with bevacizumab there
were 6 patients (1,5%) with gastro-intestinal perforations, compared to 0 in the
placebo group (n=412). The perforations were associated with abscesses, gastric
ulcers, peritoneal carcinomatosis and bowel obstruction with necrosis of the ileum
part. [31]
In an expanded access program of bevacizumab in patients witch colorectal
cancer 50% of the gastrointestinal perforations were associated primary tumor site.
In another trial with 104 patients with colorectal cancer 2 (2%) bowel perforations
occurred as a result of a colonic diverticulum. [29] Furthermore, a trial with patients
with ovarian cancer was temporarily discontinued because of the high rate of
perforations. On the other hand in a trial with 229 patients with metastatic breast
cancer no bowel perforations were seen. [41] Similarly, patients with lung cancer
treated with bevacizumab also did not experience perforations. [64] Presently, the
mechanism of bevacizumab-related bowl perforations is unclear. In trials with VEGFRTKI diarrhea and other gastro-intestinal disturbances are a common side-effect, but
bowel perforations are extremely rare. [4,14-19] Only in a recent trial with sorafenib
3 patients discontinued study medication due to small bowel perforations grade
3. [65] Furthermore, 1 of the 36 patients treated with AG-013736 had an ischemic
colitis. [16]
To understand the molecular basis of the occurrence of bowel perforations with
anti-VEGF/VEGFR therapy, it is necessary to discuss the physiological role of VEGF in
the intestine. VEGF and VEGFR are expressed by the normal intestinal mucosa. [66]
In normal intestinal mucosa basic fibroblast growth factor (bFGF) and VEGF
are responsible for the restoration of connective tissue and angiogenesis in
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acute and chronic injured mucosa. VEGF and bFGF are expressed mainly in the
endothelial cells and in the connective tissue, both acute as chronic injury increases
expression. Angiogenesis is required for every injury, but is essential for the healing
of gastroduodenal ulcers. An important inducer of VEGF in gastric mucosa is COX2. Inhibition of COX-2 (e.g., by NSAID) induces gastric ulcers. [67] Angiogenesis
is modulated by stimulatory and inhibitory growth factors. Proangiogenic factors
include VEGF, FGF, platelet-derived growth factor (PDGF) and epidermal growth
factor (EGF). One of the principle sources of these proangiogenic factors in blood
are the platelets. It has already been shown that platelets are important in ulcer
healing. In thrombocytopenic rats a delay in ulcer healing is seen. [68] Factors
influencing the platelet content of pro- versus antiangiogenic factors, or their
release from platelets, therefore have the potential of influencing gastro-intestinal
healing. For example NSAIDs increase the ratio of endostatin (antiangiogenic) to
VEGF (proangiogenic), this results in a delayed ulcer healing. [69] Recently it was
shown that bevacizumab is taken up by platelets and thereby inhibits the proangiogenic platelet activity. This could be another reason for a diminished gastrointestinal healing when bevacizumab is used and explain the different frequencies
between bevacizumab and TKI’s. VEGF is not only necessary in the recovery of
an ulcer, but also protects gastric mucosa against the development of an ulcer.
The maintenance of gastric mucosal function and integrity highly depends on the
status of microcirculation. The vasoactive agents, like prostaglandines and NO, are
crucial in the mucosal defensive processes. VEGF is an important activator of these
vasoactive agents. [70] From the above can be concluded that physiologically VEGF
serves as a survival factor for both epithelial and endothelial cells in the intestine
and is produced in response to a stressor for protection and to inhibit apoptosis.
Therefore VEGF inhibition results in a diminished mucosa epithelial healing and
regeneration and increases the vulnerability of the mucosa.
Clinically, gastro-intestinal perforations are a rare, but potentially lifethreatening, side effect which is mainly related to bevacizumab and is hardly ever
seen during treatment with VEGFR-TKI. When gastro-intestinal perforations occur
there seems to be a relation with various bowel pathologies, although there is no
specific pattern. This may possibly indicate an increased vulnerability of mucosa
during bevacizumab treatment with a diminished ability to recover from any damage
subsequently resulting in a perforation. In daily practice clinicians need to be aware
that patients with inflammatory bowel disease, recent surgery and intra-abdominal
tumour burden may be at increased risk for perforation and discuss the potential
complications of bevacizumab treatment. However, if this hypothesis is true, why are
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there few perforations in the breast cancer trials with bevacizumab? It is presently
unclear why bowel perforations are hardly ever seen during treatment with VEGFRTKI. It is tempting to speculate that TKI’s do not have an effect on platelets function
like bevacizumab. However, VEGFR-TKI’s are not void of gastrointestinal side effects.
Side effects include mainly diarrhea but also (ischemic) colitis. This could also be
a (minor) result of the increased vulnerability and diminished ability of recovery
from damage. Because bevacizumab causes no diarrhea or other gastrointestinal
side effects, this indicates that these side effects are probably due to a distinct and
different mechanism.

Hypothyroidism
In a recent trial with the VEGFR-TKI, sunitinib 39% of the patients developed
abnormal TSH levels, 20% had low T4/T3 levels as well. 29% of the patients were
treated with thyroid hormone replacement (THR) due to persistent elevations of
TSH and accompanying fatigue. Toxicity was mild, mostly grade 1,2 and all patients
had rapid resolution of fatigue after THR. No patients required cessation or delay
of treatment as a result of thyroid toxicity. [71] Other trials with sunitinib also show
many thyroid disturbances. [72,73] Furthermore one case of hypothyroidism was
reported with bevacizumab.
The observation that VEGFR-TKsI induce increases in TSH levels has not extensively
been studied. VEGF is present in the normal thyroid gland, mainly in endothelial cells
and less abundant in follicle epithelial cells. [74] VEGF may influence the thyroid
hormone synthesis and function in several manners. VEGFR-1 and -2 are expressed
on all thyroid endothelial cells, whereas epithelial cells express VEGFR-1 mRNA, but
no VEGFR-2 mRNA. [75]
TSH has been found to promote VEGF-A and VEGFR-1 and –2 synthesis. [76]
TSH stimulation of VEGF has been suggested to induce iodide uptake by the Na/Isymporter (NIS). VEGF increases vascular permeability via VEGFR-2 on the endothelial
cells, this enhances the availability of iodide for NIS and therefore facilitates iodide
uptake. [77] However, other studies are in apparent contradiction with this. In these
studies VEGF inhibits the TSH stimulated iodide uptake of thyroid cells by inhibiting
TSH depended growth stimulating DNA synthesis. This is most likely mediated by
VEGFR-1 on the epithelial cells. [75,78] This suggests that VEGF has both a growth
stimulating effect on the thyroid mediated by VEGFR-2 on endothelial cells and a
growth inhibiting effect mediated by VEGFR-1 on endothelial and epithelial cells,
this might function to balance thyroid mass and the capillary network. VEGF not
only has a direct function on the thyroid gland but it may also influence the thyroid
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hormones in the peripheral tissues. T3/T4 use cell surface receptors and receptors
on mitochondria for there non-genomic actions. [79,80] An important cell surface
receptor is aVb3, Expression of this integrin is stimulated by VEGF and interacts with
VEGF signaling. [81] When T3/4 binds the integrin intracellular signaling pathways
are activated. The intracellular pathways used are seen in the Figure 3. Activation
of these pathways leads to various actions including regulation of pH and cellular
volume. It also induces phosphorylation of various nucleoproteins, including thyroid
hormone nuclear receptor and nuclear estrogen receptor. This influences gene
transcription, cell proliferation, cell death and angiogenesis. [80]

Figure 3 | VEGF influences the thyroid hormones in the peripheral tissues via stimulation
of the cell surface receptor avb3 (see page 233 for the color figure).

In summary, VEGF and its receptors appear to be important regulators of thyroid
hormone regulation, synthesis and function. However, it is unknown if and by which
mechanism VEGF inhibition results in serious thyroid disturbances. In al trials with
VEGFR inhibitors fatigue is a very important side effect, perhaps a disturbance in
thyroid hormone function contributes to this. Because cancer patients frequently
have fatigue regardless of their treatment it is at this stage too early to advice
patients to take thyroid hormone substitution.
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Neurotoxicity
Neurotoxicity is a less frequent but important side-effect of VEGF/VEGFR inhibitors.
In a trial with valatinib in combination with chemotherapy 9% of the patients
developed neurotoxicity grade 3, less than 1% grade 4. [42] Neurotoxicity is also
seen with sorafenib, 4-9% of the patients developed a sensory neuropathy. [44,65]
Furthermore in a trial with AG-013736, 6% of the patients had convulsions grade
3. [16] In a recent trial with bevacizumab 10/21 patients developed a grade 1
sensory neuropathy and 2 patients a grade 2. No grade 3 /4 neurotoxicities were
seen. [82] Another very serious neurological side effect is reversible posterior
leukoencephalopathy (RPL). RPL was first described with valatinib in the CONFIRM-1
and-2 trial. [42,83] The RPL syndrome is a brain-capillary leek syndrome related
to hypertension, fluid retention and various agents including chemotherapeutic
drugs and immunosuppressants. It is characterized by neurological abnormalities,
including altered mental function, visual loss, stupor, seizures and white matter
changes on MRI, mainly posterior parietal-temporal-occipital. The clinical signs and
abnormalities on imaging are reversible after cessation of therapy. In the CONFIRMtrials 1011 patients were treated with valatinib and 0,5-1% of the patients developed
a RPL. Although less frequently, cases of RPL are reported with bevacizumab. [84] In
these cases the occurrence of RPL was suggested to be related to the development
of hypertension, but with only two cases this might be too early to conclude.
The mechanism through which VEGF/VEGFR inhibitors induces neurotoxicity
may be mediated by Neuropilin-1 (NP-1). NP-1 is a VEGFR-2 co-receptor for VEGF,
is expressed on axons and is involved in the development of the neural system.
Semaphorins bind NP-1 and act as mediator in neuronal guidance. Therefore NP-1 is
expressed on endothelial cells and neuronal cells and binds two ligands, semaphorin
and VEGF. [85] (Figure 4) Inhibition of semaphorin-NP-1 binding results in a inhibition
of neuronal growth and regulation of axonal transport. Furthermore NP-1 has been
found to be essential in VEGFR-2 activation. When NP-1 is inhibited the VEGFR-2
signaling pathway, necessary for angiogenesis, is inhibited. [86] Semaphorin has been
found to compete with VEGF in some degree for NP-1 binding on endothelial cells.
Semaphorin binding inhibits endothelial cell motility and the angiogenic actions in
endothelial cells. [85] This evidence shows that semaphorin influences angiogenesis
trough NP-1. Neurotoxicity as a result of VEGF/VEGFR inhibition is a rare but
debilitating side effect. Currently, stopping treatment is the only clinical advice that
can be given. Specific attention should be give to the management of hypertension
because this may be a luxating factor.
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Figure 4 | Neurotoxicity induced bi VEGF/VEGFR inhibitors may be mediated by
Neuropilin-1 (NP-1) (see page 233 for the color figure).

Conclusion
The time that VEGF and its receptors were considered specific for endothelial cells
is behind us. The rapidly increasing experience with agents inhibiting VEGF and
the VEGFR’s has revealed that VEGF/VEGFR have functions in many organs and
that blocking this pathway may results in serious side effects. This may include
hypertension, coagulation disorder, thyroid problems, bowel perforations and
neurotoxicity. Awareness of the molecular basis of these side effects may help
patient management.
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I | Introduction
It is now widely accepted that angiogenesis plays a major role in tumor growth.
Numerous targeting agents directed against angiogenesis pathways have been
developed and approved for clinical use since Dr Folkman postulated the first
building blocks for the role of angiogenesis in tumor growth. [1,2] Although the
original concept of angiogenesis inhibition was developed as single agent or stand
alone treatment, the first FDA approved anti-angiogenic agent, bevacizumab (an
antibody against VEGF-A), is currently approved in combination with chemotherapy
in lung, breast and colorectal cancer or with immunotherapy (interferon) in renal
cancer. [3-6] However, recently, multiple kinase inhibitors (e.g., sunitinib and
sorafenib) were shown to be active as monotherapy and now form an integral part
of the standard treatment of renal cancer and hepatocellular carcinoma. [7-9] Until
now, several explanations for this synergistic effect between bevacizumab and
chemotherapy have been suggested. The most popular explanation is the vessel
normalization theory of Jain et al. postulating that Vascular Endothelial Growth
Factor (VEGF) inhibition normalizes the vessel structure thereby reducing the
hydrostatic pressure within tumors. The normalization of the vessels and interstitial
fluid pressure results in better delivery of chemotherapy to the tumor. [10] A second
explanation is based on the timing theory in which it is assumed that anti-angiogenic
agents bridge the chemotherapy free periods between cycles and inhibit tumor
cell division and tumor regrowth in this interval. [11] The third and most recent
explanation is based on the observation that bone marrow progenitor cells may
play a critical role in angiogenesis. Although the bone marrow does not seem to
play a major role in supporting unperturbed tumor growth, when the tumor or
system is provoked by certain stress signals such as surgery or chemotherapy, an
immediate and very effective release of progenitor cells that home to the tumor
is seen. This concept of treatment-enhanced angiogenesis by recruitment of bone
marrow derived (endothelial) progenitor cells (BMD(E)PC) has clearly been proven
in preclinical studies. [12-15] Also, in patients, after treatment with VDAs, certain
chemotherapy regimens and liver surgery, an increase of bone marrow derived
progenitor cells (BMDPC) has been shown. [15,16] These findings have shed new light
on the mechanism of tumor regrowth, early recurrence and metastasis formation
during or after treatment. It also adds to the previously proposed mechanisms for
the synergistic effects of combining chemotherapy with anti-angiogenic therapy.
This review addresses the current understandings of these biological mechanisms
with emphasis on the human situation and attempts to translate these findings into
clinical consequences.
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II | Biological role of BMD(E)PCs in tumor growth and metastases
formation, the difference between challenged and unchallenged
tumors
In the past years the concept of angiogenesis has developed into a multi-faceted
process in which, besides local activation and division of endothelial cells, bone
marrow derived progenitor cells (BMDPCs) contribute to neovascularization. Different
lineages of supporting progenitor cells can be released from the bone marrow and
potentially support the growth of tumors. Among these cells, particular attention
has been given to circulating VEGFR-2+ endothelial progenitor cells (EPCs). EPCs are
defined as cells expressing endothelial markers such as CD31, CD146 and VEGFR-2
and express the progenitor marker CD133. EPCs do not express the haematopoietic
marker CD45, which makes it possible to differentiate these cells form haematopoietic
progenitor cells (HPC). In mice, CD133 is not well characterized; therefore CD117 is
commonly used as a stem cell marker in preclinical mouse studies. [17] In addition
to EPCs mature circulating endothelial cells (CECs) are also present in the peripheral
blood of cancer patients. Viable CECs can be released from the bone marrow, similar
to EPCs, or can enter the circulation due to shedding from activated or damaged
(tumor) vessels. Furthermore, CEC may trans-differentiate from monocytes or
represent matured EPC with subsequent down regulation of CD133. [17] Viable CECs
may therefore reflect angiogenic activity. In contrast, apoptotic CECs may act as a
surrogate marker for vascular damage. [18-22] In this review we will focus on the
biological role of EPCs as other reviews have already extensively focused on the role
and use of mature CECs. [17,23,24]
In preclinical research it was shown that VEGFR-2+ EPCs are mobilized from
the bone marrow into the circulation and subsequently home to sites of tumor
neovascularization, where they differentiate into endothelial cells (ECs) and
contribute to angiogenesis. [25,26] Furthermore it was shown that VEGFR-2+ EPCs are
capable of inducing the angiogenic switch leading to progression of micro-metastasis
into macro-metastasis. [12] Besides the VEGFR2+ EPCs, a heterogeneous population
of pro-angiogenic hematopoietic progenitor cells (HPCs) plays an important role in
tumor angiogenesis. Co-mobilization of VEGFR-1+ HPCs has been found to facilitate
the incorporation of EPCs into functional tumor neo-vessels. Furthermore, Kaplan et
al. demonstrated that in mice VEGFR-1+ HPCs home to tumor-specific pre-metastatic
sites and form cellular clusters, the so-called ‘pre-metastatic niche’, a favorable
environment within a distant organ, facilitating the nesting of tumor cells. [13]
However some controversy still exists on the relative contribution of the BMDPCs to
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the tumor vasculature. In several pre-clinical studies and one clinical investigation
bone marrow derived EPCs were shown to incorporate in the tumor vasculature at a
rate varying from < 1% up to > 50%. [25,27-35] The differences seen between the various
studies may be explained by the use of different tumor models, differences in tumor
stage and more importantly, the difference between unchallenged and challenged
tumors. Recently, preclinical and early clinical studies showed that challenging a
tumor with vascular disruptive agents (VDAs), chemotherapy and surgery can cause
an acute release of EPCs. [15,25,26,36,37] This reactive response of the host bone
marrow responds in an immediate “seek and repair” manner, presumably in order to
support tissue regeneration. Therefore, EPCs may be specifically relevant in some
crucial clinical situations, such as relapse or early progression after various types of
anti-cancer therapy. (Figure 1)
The acute release of EPCs was first shown with the use of VDAs. These agents
cause a rapid shutdown of the tumor blood vessels leading to massive central tumor
necrosis. [38] One of the major problems with these types of agents is the remaining
viable rim of tumor tissue from which rapid tumor growth resumes accompanied
by rapid angiogenesis. Shaked et al. found that administration of a VDA to mice
induces an acute increase of VEGFR-2+ EPCs in the peripheral blood within hours
after administration. The released EPCs home to the remaining viable rim of the
tumor, prevent necrosis and contribute to tumor angiogenesis and rapid regrowth
of the tumor. Suppression of the VDA-induced EPC spike by co-administering VEGFinhibiting agents or giving the VDA to Id mutant mice, incapable of mobilizing EPCs,
increased the necrotic area significantly. [14] At the same time, Beerepoot et al.
confirmed, although by a different methodology, these preclinical data in patients
by demonstrating a rapid increase of endothelial cells in the peripheral blood within
hours after treatment with the VDA ZD6126. Likewise, Nathan et al recently showed
in patients an acute VDA-induced rise in circulating CD34+ and CD133+ bone marrow
progenitors. [16]
The release of BMDPC is not exclusively induced by VDAs. Other stress signals
may induce similar effects. [39] We have found that, comparable to VDA treatment,
patients who underwent liver surgery, also showed an increase in EPC levels within
hours after the surgical procedure. [40] In line with this, Lemoli et al and Gehling
et al demonstrated that after liver resection, there is an increase in CD34+ cells
within days. [41,42] Recurrent or stimulated tumor growth following liver surgery
may potentially be explained by this phenomenon [12,43] and these findings point
to approaches to reduce tumor recurrences following liver surgery.
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Figure 1 | Stress induced release of bone marrow derived progenitor cells (PC) and
growth factors (GF). A: Unchallenged situation: PC remain in the bone marrow, limited
incorporation of EPC in the tumor vasculature. B: Challenged situation: upregulation of
GF, release and homing of PC to the tumor, metastasis and pre-metastatic niches (see
page 236 for the color figure).

In patients treated with anthracycline- and/or taxane-based neoadjuvant
chemotherapy, after two cycles of chemotherapy an increase in EPC levels was
found. However this increase could not be linked to tumor stage or response to
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chemotherapy. [37] Furthermore various types of MTD dosed chemotherapy
seem to induce a release of endothelial progenitor cells in the drug free period.
[36,37] However, this increase in EPCs is not seen with a metronomic, low dose,

chemotherapy regimen. [36] Recently it was shown both in preclinical and clinical
conditions that certain types of chemotherapy, mainly paclitaxel, but also bolus
5-FU-based chemotherapy and to a somewhat lesser extent docetaxel, cause an
acute release of EPCs within 4 hours after start of treatment. Interesting, several
types of chemotherapy such as gemcitabine and anthracyclines did not induce an
immediate release of EPC. Defining the clinical relevance of this increase of EPCs
in patients is difficult and mouse models provided great insight in the mechanism
and the biological relevance of the acute release of EPCs after chemotherapy. It
was shown that the released EPCs subsequently home to the tumor and contribute
to neoangiogenesis. Furthermore, it was demonstrated that the mobilization could
be effectively inhibited by anti-VEGFR-2 therapy leading to an enhanced anti-tumor
effect of specifically these chemotherapeutics. Strikingly, adding anti-VEGFR-2
therapy to other types of chemotherapy, which did not induce an acute release of EPCs,
could not enhance the anti-tumor effect. [15] In addition to the vessel normalization
theory [10] and the timing theory [44] this provides an additional explanation for
the synergistic effect of chemotherapy with an anti-angiogenic agent. Furthermore
it potentially explains why anti-angiogenic drugs are more effective in combination
with certain types of chemotherapy. However, the contribution of this mechanism
relative to the other proposed mechanisms, when combining chemotherapy with
e.g. bevacizumab, in the clinical situation needs to be further evaluated. Taken
together, there is convincing evidence from both preclinical and clinical studies that
EPC are mobilized, especially after certain forms of therapy and contribute to tumor
growth.

III | Insight in the mechanism of BMDC release, opportunities for
new targets for therapy
BMDPCs, and more specific EPCs, are mobilized from the bone marrow and home
to sites of tumor neovascularization in response to various cytokines, like stroma
cell derived factor-1α (SDF-1a), matrix metalloproteinase-9 (MMP-9), VEGF,
Placental Growth Factor (PlGF) and Granulocyte Colony Stimulating Factor (G-CSF).
[15,16,25,26,36,37,45-48] SDF-1a belongs to the chemokine family and binds to the
CXCR-4 receptor. SDF-1a plays a key role in both the release and the homing process
of EPCs. SDF-1a is present in high concentrations in the bone marrow where it holds
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the stem cells within their niche. When, in response to various factors, including
G-CSF, VEGF and PlGF, SDF-1a is decreased in the bone morrow it allows the egress
of stem cells in the circulation. In the circulation the stem cells, containing the
SDF-1a receptor, CXCR4, home in the direction of SDF-1a. Within the tumor the
concentration of SDF-1a is increased, in response to VEGF produced by perivascular
fibroblasts and tumor cells and the progenitor cells are subsequently trapped
inside. [47] In addition to SDF-1a the tumor neovasculature produces various other
chemokines in order to attract the progenitor cells from the circulation, including
the chemokine ligands CCL2 and CCL5. [31] (Table 1)
Chemotherapy, surgery and treatment with a VDA all cause an up regulation of SDF1a, VEGF and G-CSF within the circulation. [14-16,37,42] A causal relation between
the up regulation of these growth factors and the release of EPCs is therefore likely.
Strikingly, concurrent with the rapid rise in EPC levels, an acute increase in SDF-1a
was exclusively seen, in both mice and patients, after administration of taxanebased chemotherapy, but not with other chemotherapeutics. This is suggestive for a
key role of SDF-1a in the mobilization and homing of EPCs. In addition, in preclinical
models, inhibition of SDF-1a by neutralizing antibodies could prevent the release
of EPCs and enhanced the anti-tumor efficacy of the chemotherapy. [15] A systemic
host-mediated release of growth factors in response to treatment is not only seen
with damaging agents like VDAs, MTD chemotherapy or surgery, but also with antiangiogenic multi-targeted receptor tyrosine kinase inhibitors (TKIs). In patients
treated with various forms of TKIs increases were observed in VEGF and PlGF and
a decrease was seen in sVEGFR-2. [49-51] However, no correlation could be found
between the changes in these growth factors and the response to therapy. [51,52]
Ebos et al showed a similar upregulation of multiple circulating pro-angiogenic
cytokines and growth factors like VEGF, PlGF, G-CSF, SDF-1a, SCF and osteopontin
in non-tumor bearing mice after treatment with sunitinib. [53] These findings could
indicate that these changes in plasma proteins are part of a tumor-independent
systemic host response. Given the pro-angiogenic activity of these proteins and their
capability to mobilize and home EPCs, it may very well be that this systemic host
response may lead to the rapid tumor (re)growth after cessation of therapy. [53]
Besides the release by growth factors and cytokines, the release of stem cells
from the bone marrow depends on the sympathetic nervous system. [54] Dopamine
inhibits the release of EPC through suppression of VEGF signaling and inhibition of
MMP-9 synthesis. [55] In turn G-CSF, can modulate, via the dopaminergic system, the
osteoblast function, resulting in a decreased SDF-1a synthesis and a release of HPCs
from the bone marrow. [56]

Tumor cells
Endothelial cells
Hypoxic tissue
Osteoblasts
Stroma cells
Endothelial cells
Platelets

Osteoclasts, osteoblasts
Tumor cells
Endothelial cells
Epithelial cells

Growth factor
VEGF sub-family
Role in vasculogenesis and
angiogenesis

SDF-1a
Chemokine
(CXCL-12) Chemotactic to leucocytes
and stem cells

Chemokine
Recruits leucocytes

Chemokine
Recruits leucocytes

PlGF

CCL2
(MCP-1)

CCL5
(RANTES)

Abreviations: BM: bone marrow

Growth factor
Tumor cells
Key role in angiogenesis and Endothelial cells
endothelial cell function
Hypoxic tissue
Platelets

VEGF-A

Epithelial cells
Platelets
Haematopoietic cells
Tumor cells

Endothelial cells
Macrophages
Various immune cells

Growth factor
Stimulates the release of
granulocytes and stem cells
from BM

G-CSF

Source

Description

Factor

CCR1, CCR4 , CCR5
Present on:
Progenitor cells
leucocytes

CCR2 and CCR5
Present on:
Progenitor cells
leucocytes

CXCR-4
Present on:
Haematopoietic cells
Endothelial cells
Stem/progenitor cells
Tumor cells

VEGFR-1
Present on:
Endothelial (progenitor) cells
Haematopoietic progenitor cells

VEGFR-1 and VEGFR-2
Present on:
Endothelial (progenitor) cells
Haematopoietic progenitor cells

G-CSF receptor
Present on:
Stem cells

Receptor

Chemotaxis of progenitor cells to
circulation and tumor

Chemotaxis of progenitor cells to
circulation and tumor

Release of progenitor cells from BM
Homing of progenitor cells to the tumor
Chemotaxis of tumor cells to metastatic
sites and BM

Used target for therapy

Key player in angiogenesis

Used target for therapy

Key player in angiogenesis

Role in the release of various progenitor
cells from BM
Up regulated after various types of anticancer treatment including chemotherapy

Function in tumor growth

Table 1 | Overview of various growth factors and chemokines involved in tumor growth and metastasis formation.
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In conclusion, many preclinical and clinical studies clearly point toward a significant
contribution of BMDPCs to tumor growth. Correlative studies in patients suggest
that similar mechanisms are operational in patients but prospective studies need to
provide the definitive answers. The aforementioned preclinical findings direct to an
array of novel therapeutic avenues to improve anti-cancer treatment. Furthermore,
the BMDPC and cytokines may serve as prognostic and predictive markers in the
selection of patients for treatment.

IV | Clinical implications: optimizing treatment efficacy and
finding new targets for therapy
When assimilating all previously discussed preclinical and early clinical work a clear
rational is put forward for effectively combining different treatment modalities.
Next we will discus opportunities to optimize the potential of combination treatment
by a rational choice of agents, the use of new agents and an optimized treatment
schedule. The use of biomarkers could enhance treatment efficacy by determining
the optimal biological dose, patient selection and the use as a prognostic and
predictive marker.

Choosing the partners
Although the exact mechanism responsible for the synergistic effect of anti-angiogenic
drugs with chemotherapy has not been clarified yet, the surplus value of combining
bevacizumab to conventional chemotherapy has already been proven in several
clinical trials. Phase III clinical studies have shown clinical benefit of the addition
of bevacizumab to conventional chemotherapy regimens for advanced colorectal
(5-FU and irinotecan), breast cancer (paclitaxel) and lung cancer (paclitaxel plus
carboplatin). By now, the addition of bevacizumab to chemotherapy is generally
accepted as standard treatment for these tumor types in advanced settings. [3,4,6]
Despite this impressive clinical success other combinations of chemotherapy with
bevacizumab have failed to improve survival. The combination of bevacizumab with
gemcitabine in the treatment of pancreatic cancer did not provide a prolonged
progression free survival. [57] Additionally, in metastatic breast cancer the addition
of bevacizumab to metronomic administered capecitabine as second line treatment
did not result in a survival benefit [58] and preliminary phase III data show that
adding bevacizumab to docetaxel results in a smaller PFS benefit in comparison with
the combination of bevacizumab and paclitaxel. [59] Furthermore preliminary phase
III data for lung cancer show that addition of bevacizumab to the combination of
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Table 2 | Overview of phase III trials combining chemotherapy with bevacizumab
Tumortype

Treatment

Colon

Mamma

Lung

Pancreas

Mean PFS with
bevacizumab

Mean PFS without
bevacizumab

HR

Reference

(months)

(months)

p-value

Irinotecan &
Fluorouracil &
Leucovorin

[4]

10.6

6.2

HR 0.54
p< 0.001

Paclitaxel

[3]

11.8

5.9

HR 0.60
p< 0.001

Capecitebin

[58]

4.86

4.17

HR 0.98
p 0.86

Docetaxel

[59]

8.8

8.0

HR 0.72
p 0.01

Paclitaxel &
Carboplatin

[92]

6.2

4.5

HR 0.66
p<0.001

Gemcitabine & [62]
Cisplatin

6.5

6.1

HR 0.82
p 0.03

Gemcitabine

4.7

4.9

p 0.99

[93]

Abbreviations: PFS: progression free survival; HR: hazard ratio

gemcitabine-cisplatin results in a smaller gain in PFS compared to the addition of
bevacizumab to paclitaxel-carboplatin. [60] (Table 2) A potential explanation for the
fact that bevacizumab seems to selectively enhance the activity of certain types
of chemotherapy, can at least partly be found in the preclinical and early clinical
evidence that certain types of chemotherapy induce a systemic host mediated
counter regulatory response from the bone marrow, comprised at least in part by
the release of EPCs. This chemotherapy-induced host response may not only inhibit
the potential local anti-angiogenic effect of the chemotherapy, but also stimulate
tumor angiogenesis directly. If the mechanism of synergism between bevacizumab
and chemotherapy involves blunting the EPC mobilization, this effect will only be
seen when combined with chemotherapeutics which induces this release in EPCs,
e.g. regimens including paclitaxel, docetaxel and bolus therapy 5-FU and not with
other types of chemotherapy, e.g. gemcitabine or metronomic chemotherapy.
[15] Future studies combining chemotherapy with bevacizumab may specifically

address this phenomenon to further improve our understanding and to translate
the preclinical data into the patient setting. Moreover, measurement of EPCs in
these types of studies would be greatly informative in proving this mechanism and
determining the relative contribution of this mechanism compared to the other
proposed mechanisms.
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In contrast to bevacizumab, small molecule TKIs targeting the VEGF receptor
have not yet shown to enhance the efficacy of conventional chemotherapy in phase
III trials. [61] To date no potential explanation is put forward for this observation.
Although purely speculative, this clinical observation can be explained by the fact
that, because of the up regulation of various pro-angiogenic factors by TKIs, these
agents are not capable of blocking the chemotherapy induced EPC mobilization and
are therefore incapable of enhancing the efficacy of the chemotherapy. This stresses
the need for further investigations whether TKIs are capable of inhibiting this EPC
release by chemotherapy and whether this might explain the lack of efficacy of
combining these agents with chemotherapy.

Timing the addition of anti-angiogenic agents
Besides choosing the optimal combination of chemotherapy and VEGF inhibiting
therapy, finding the optimal dose and drug schedule is of great importance. For
bevacizumab it is known that continuous angiogenesis inhibition is essential and a
rebound in tumor growth and revascularization has been shown after cessation of
therapy. [62-64] Furthermore, Cacheux et al described a tumor growth acceleration
following bevacizumab interruption for surgery. This could be explained both by
an up regulation of pro-angiogenic factors by bevacizumab but also by the surgery
itself. [64] Furthermore for an optimal schedule the time window during which the
vessels become and remain normalized due to the anti-angiogenic therapy should be
taken into account. Chemotherapy preferably should be administrated within this
time window, allowing the enhanced delivery of the drug and thereby enhance their
activity. [10,65] Taken this together with the knowledge that VDAs, chemotherapy
and surgery are capable of inducing a release in EPCs both acutely and after a
few weeks, addition of a continuous and prolonged angiogenesis inhibition, starting
before the administration of chemotherapy seems advisable. In order to maximize
the therapeutic potential of chemotherapy but to minimize toxicity, those crucial
moments of vessel normalization and expected EPC release should be emphasized.
In addition, the duration of bevacizumab interruptions for e.g. surgery or other
interventions should be reduced if possible and optimal managed by balancing the
risk to wound healing problems to the risk of facilitating tumor regrowth during the
drug holiday.

Can CEC and EPC be used as a biomarker?
The relevance of EPCs in cancer growth suggests that EPCs might be used as a
surrogate marker for angiogenic activity. Both circulating mature endothelial cells
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(CECs) and endothelial progenitor cells (EPCs) are increased in the blood of cancer
patients and correlate with angiogenesis and tumor volume. [19,20,36,37,66-74]
Therefore these cells might serve as a biomarker to determine prognosis, response
to therapy and the optimal biological dose (OBD) of anti-angiogenic agents.
CEC levels are an indicator of progressive disease, as these patients have
higher CEC levels compared to patients with stable disease. [19] Furthermore,
after obtaining a complete remission CEC levels return to normal. [37,51,71,75]
This suggests that CECs correlate with the presence and the activity of a tumor
and indicates that CECs hold the potential to measure changes in disease activity
and therefore response to therapy. Clinically this has been investigated in patients
with metastatic breast cancer treated with low dose metronomic chemotherapy. In
these patients the CEC count after two months of continuous therapy could predict
both disease-free and overall-survival after a prolonged follow-up of more than
two years. [21] Furstenberger et al showed that in breast patients treated with
neoadjuvant chemotherapy the number of CECs was decreased after a few cycles of
chemotherapy. However, the EPC mobilization was significantly increased during the
drug free periods. [37] Recently, Mancuso et al showed that high baseline levels of
CECs predicted response to metronomic chemotherapy combined with bevacizumab.
A trend was seen towards a decrease in CEC levels in the patients who responded
to therapy. [76] Whether changes in CEC and EPC levels can predict response to
chemotherapy in an early stage needs further investigation. It is however important
to realize that clinical decision making often requires a relatively high sensitivity
and specificity of the biomarker. At present, it seems unlikely that this will become
true for CEC or EPC.
In addition to the use of EPCs and CECs as a prognostic or predictive marker, these
markers might be used to determine the optimal biological dose (OBD). Especially
for the new anti-angiogenic drugs, markers assisting in the determination of the
OBD are highly needed. These agents have a low frequency in objective responses,
may lack dose limiting toxicities (DLTs) which are normally used to determine the
maximal tolerable dose (MTD) and may have significant therapeutic activity at doses
below MTD. Especially with regards to the vessel normalization, Jain et al showed
that higher dose levels of an anti-angiogenic agent does not necessary result in
more activity. Higher doses of these agents will lead to normal tissue toxicity and
comprise the tumor vessels and thereby abolish the delivery of the chemotherapy.
[10] In preclinical studies changes in EPC levels could indeed be used to determine
the OBD. [77] The role of CECs and EPCs in defining the OBD and their use for patient
selection is currently under investigation in many clinical studies. Ultimately, the
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value of these cellular markers can only be determined in a prospective, randomized
study. Presently, the use of CEC and EPC should be regarded as experimental.

Seeking new targets for therapy
Based on the ‘seek and repair’ hypothesis new directions for combination treatment
can be further explored taking into account the various cells, growth factors and
cytokines involved in these pathways, in order to make them a suitable target for
therapy. In preclinical models the mobilization of progenitor cells could be prevented
through VEGF/VEGF receptor inhibiting agents and by inhibitors of the SDF/CXCR4
pathway. [15] It is tempting to speculate that inhibition of the progenitor release
by chemotherapy, VDAs or surgery, via SDF-1a or CXCR4 inhibitors may actually
improve treatment outcome. Preclinically, it has already been shown that agents
against CXCR-4 or SDF-1a have both an anti-angiogenic effect and an anti-metastatic
effect due to inhibition of both (endothelial) progenitor cells and circulating tumor
cells. [78,79] Addition of an antibody against CXCR4, CTCE-9908, enhanced the
anti-tumor effect of docetaxel in both a murine prostate and breast cancer model.
[80,81] Furthermore CTCE-9908 inhibited the recruitment of bone marrow-derived

hemangiocytes after transarterial chemo-embolisation for hepatocellular cancer
and improved the overall survival of the animals. [82] This provides evidence for a
potential synergistic effect of anti-CXCR4 agents combined with the aforementioned
agents, namely chemotherapy and surgery. The use of CTCE-9908 as single agent is
currently under investigation in a phase I/II study. [83]
Besides SDF-1a many other factors are involved in the release and homing of
progenitor cells from the bone marrow to the tumor environment. One of these
factors for which inhibitory agents are used in the clinic is MMP-9. [84] Many early
clinical trials have been performed with different types of MMP-9 inhibitors such
as marimastat and batimastat. [85] In these trials many serious musculoskeletal
toxicities were reported and these agents failed to prolong progression free survival
(PFS) in phase III trials. [86] However in preclinical models these agents were capable
of enhancing the efficacy of chemotherapy, especially docetaxel. [87] An alternative
use of MMP-9 inhibitors may therefore be the short term treatment together with
chemotherapy to counteract the acute therapy induced release of BMDC. This may
be more effective than the prolonged and toxic treatment with MMP inhibitors as
done in the large scale clinical trials. Next to the role of various growth factors
and cytokines the mobilization of EPCs from the bone marrow is regulated by the
dopaminergic system. Preclinical data show that treatment with dopamine inhibits
the release of EPCs in tumor bearing mice. [88] Furthermore, it has been reported

56 Part I

that patients with schizophrenia seem to be relatively protected from cancer and in
hyperdopaminergic mouse models a decreased tumor growth and reduced metastasis
formation was observed. [89,90] In two xenograft models for breast cancer and colon
carcinoma dopamine significantly enhanced the efficacy of respectively doxorubicin
and 5-FU therapy. [91] These findings suggest that dopamine agonists could have a
role in the treatment of cancer, especially when administrated concomitantly with
chemotherapy or maybe even with surgery.

V | Conclusions and Challenges
A multitude of preclinical and clinical data indicates that a host derived bone
marrow response influences the response to certain anticancer modalities. However,
definitive proof of these mechanisms and exact identification of the involved
cells and factors in humans warrants further study. In this review we provided an
overview of all the preclinical and clinical studies contributing to this hypothesis
and we attempted to make the translation to the clinic by pointing out to the
clinical implications these findings might have. We described the recent insight
in the mechanism of a systemic host response, in response to various treatment
modalities. This host response possibly rescues the tumor and limits the duration of
tumor responses. This provides various new targets for therapy which can be used
concomitantly with conventional chemotherapy. It provides a potential explanation
why bevacizumab selectively enhances the effectiveness of only certain types of
chemotherapy. Conceptually these findings also point to an array of new therapeutic
strategies by combining chemotherapy with agents like SDF/CXCR-4 antagonists or
dopamine agonist to enhance conventional chemotherapy.
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Abstract
Purpose: Telatinib (BAY 57-9352) is an oral tyrosine kinase inhibitor targeting the
vascular endothelial growth factor receptor (VEGFR-2). Bevacizumab is a monoclonal
anti-VEGF-A antibody. We hypothesized that blocking both receptor and ligand of the
VEGF/VEGFR pathway was feasible and would increase antitumor activity.
Methods: In a phase I study 26 patients with advanced solid tumours would be
treated in successive cohorts with increasing doses of telatinib (twice daily, starting
dose 450 mg) or bevacizumab (once every two weeks, starting dose 5 mg/kg).
Pharmacokinetics, endothelial (progenitor) cell (E(P)C) analysis by flow cytometry
and VEGF(R2) and SDF-1α measurements were performed.
Results: Most frequent adverse events were pain (head, bone, abdominal), nausea,
voice changes and fatigue. Five dose limiting toxicities (DLTs) occurred: grade 3
hypertension (cohort I and II), bowel perforation, grade 3 lipase increase and atrial
flutter (cohort III). In 3 patients cardiac toxicity was observed. Due to cumulative
toxicity, in cohort 3 bevacizumab dose was reduced to 1mg/kg. This cohort exhibited
acceptable toxicity but due to 3 DLTs (n=14) it also represented the maximum
tolerated dose. Bevacizumab effectively neutralized plasma VEGF even at 1 mg/kg.
EPC and SDF-1α levels increased during monotherapy telatinib. Twelve patients had
stable disease (clinical benefit of 46%).
Conclusion: The recommended phase II dose with an acceptable toxicity profile is
telatinib 450 mg bid and bevacizumab 1mg/kg biweekly although determined in a
small population. Further studies with a larger patient number should investigate
the tolerability more precisely and the relationship of observed EKG changes with
the study treatment.
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Introduction
Inhibition of the vascular endothelial growth factor (VEGF) pathway has
demonstrated its clinical benefit in the treatment of cancer in many (pre)clinical
trials. [1-5] Phase III studies have shown clinical activity of adding bevacizumab,
VEGF-A inhibiting monoclonal antibody, to conventional chemotherapy regimens
for advanced colorectal (5-FU and irinotecan), breast (paclitaxel) and lung cancer
(paclitaxel and carboplatin). [6-8] VEGF receptor tyrosine kinase inhibitors (VEGFRTKI) (i.c. sunitinib and sorafenib) have proven themselves as single-agent treatment
in advanced renal and hepatocellular cancer leading to their approval for these
indications. [9-11] The activity of several other VEGF pathway targeting compounds
is currently evaluated in clinical studies. Telatinib (BAY 57-9352), is an oral small
molecule inhibitor, targeting the tyrosine kinase domain of the VEGFR (KDR/
VEGFR-2, VEGFR-3), platelet derived growth factor receptor (PDGFR-β) and c-Kit. It
has low affinity for Raf kinase, EGFR/FGFR family or Tie-2 receptor. The antitumor
activity of telatinib has been demonstrated in various preclinical models and the
safety of telatinib monotherapy has already been demonstrated in phase I trials.
[12,13,14] In contrast to VEGFR- TKI, apart from renal cancer, bevacizumab single

agent treatment has not shown any clinical activity.
VEGFR-TKIs are selective rather than very specific in inhibiting the VEGF/VEGFR
pathway and don’t block neuropilin. Therefore it might be unlikely that VEGFR-TKI
single agent treatment can block the effect of VEGF completely. Furthermore, as
recently described in (pre)clinical studies, multiple pro- angiogenic growth factors
and cytokines are upregulated during VEGFR-2 TKI treatment, including VEGF.
[12,15-19] Although no correlation could be found between the changes in these

growth factors and response to therapy, it could be that these proangiogenic factors
may very well be responsible for drug resistance and rapid tumor (re)growth after
cessation of therapy. [20,21]
Additionally, although bevacizumab binds and neutralizes all circulating and most
of platelet stored VEGF-A, little is known about neutralization and biological effect
of the other isoforms produced locally in the tumor. [22-25] It is also unclear whether
antibodies and small molecules can penetrate into the tumor’s microenvironment
equally well. Therefore, if tumor growth largely depends on VEGF it is important to
completely inhibit the VEGF/VEGFR pathway and provides a rationale to combine
agents that neutralize the ligand VEGF-A and agents that block its receptor signal
transduction, resulting in a vertical blockade of the VEGF pathway. Concurrent
administration of bevacizumab and telatinib may therefore result in a molecular and
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clinical synergism as compared to the effect of single-agent treatments. Since there
is a prospect of increased side effects due to “complete” VEGF inhibition, a phase
I trial was designed to assess the safety, pharmacodynamics and pharmacokinetic
profile of the combination. [26-28]

Patients and Methods
Eligibility Criteria
Patients ≥ 18 years with histological or cytological proven advanced solid tumors
refractory to standard treatment were included in a study protocol approved by the
institutional medical ethics committees of two centers in the Netherlands.
Patients should have provided written informed consent; progressive disease
within 6 months prior to study entry based on radiological assessment, ≥ one
measurable lesion, ECOG status ≤ 2, life expectancy of ≥ twelve weeks and an
adequate bone marrow, renal and liver function. Exclusion criteria were history
of CNS tumors or metastases; history of cardiac disease; congestive heart failure;
active coronary artery disease in the prior six months; cardiac arrhythmias; poorly
controlled hypertension; serious non-healing wounds; baseline coagulopathy or
proteinuria; tumors located near to major vessels in the chest or ovarian cancer
with peritoneal involvement.

Study Treatments and Dose Escalations
In phase I open-label study design with dose escalation, patients were included in
cohorts of three patients with increasing dose of telatinib or bevacizumab.
Telatinib was given twice daily, continuously in increasing doses to a maximum of
900 mg bid; the recommended phase II dose. [12,14] Bevacizumab was intravenously
administered every two weeks, except for the first two weeks of cycle one (Table 1).
Based on previous single agent trials, the starting dose of telatinib and bevacizumab
was 300 mg twice daily and 5 mg/kg every two weeks respectively. [12,14,29,30]
Subsequent cohorts would be treated first with escalating doses of telatinib while the
bevacizumab dose was fixed. Thereafter, the bevacizumab dose would be increased
to 10 mg/kg maximum every 2 weeks while the telatinib dose was fixed. In advance
it was stated that, if the combination would appear to be too toxic, the dose of both
agents could be stepwise decreased.
Patients received study treatment until tumor progression, uncontrolled toxicity
or withdrawal of consent. Dose modifications due to telatinib toxicity occurred at

Chapter 3 69

discretion of the investigator according to predefined guidelines. Maximum two dose
reductions were permitted.
Dose limiting toxicity (DLT) was defined as any combination regimen or telatinib
related adverse event (AE) of at least Common Terminology Criteria for Adverse
Events (CTCAE) version 3.0 grade 3 (non haematological AEs) or 4 (haematological
AEs) occurring during the first cycle (treatment cycle = 28 days) except for grade
3 alopecia, nausea/diarrhea well controlled by intervening treatment and liver
function disturbances persisting < 3 weeks. Toxicity assumably ONLY bevacizumab
related was considered DLT if unexpected or worse than expected.
In case of a DLT, the cohort was expanded to six patients. The maximum tolerated
dose (MTD) was the dose level at which (n)one out of six patients experienced a DLT
with ≥ two patients experiencing DLT at the next higher dose level. Safety review
meetings were held before entering the next dose level.

Safety and Efficacy Assessments
A physical exam, assessment of AE, clinical chemistry, haematology and urinalysis
were performed biweekly. Before each treatment cycle an EKG was made.
Tumorstatus and response was assessed before start of the study and every 8 weeks
thereafter using the Response Evaluation Criteria in Solid Tumors guidelines version
1.0. [31]

Pharmacokinetic Analysis
Steady state plasma concentration time profiles of telatinib and its metabolite (BAY
60-8246) were measured at cycle 1, day 14 and 15 prior to dosing and at 0.5, 1, 2,
3, 4, 6, 8 and 12 hours after dosing, on cycle 1 day 22, 28 and cycle 2 day 1 prior to
dosing and at 3 and 6 hours after dosing.
AUC(0-12)ss and Cmax,ss were analyzed assuming log-normally distributed data.
Logarithms of these pharmacokinetic characteristics were analyzed using ANOVA
analysis. Point estimates (LS-Means) for the ratios combination versus monotherapy
were calculated by retransformation of logarithmic data. Telatinib and its metabolite
plasma concentrations were measured by liquid chromatography with tandem mass
spectrometry. Non-compartmental pharmacokinetic data analysis was performed
using WinNonlin version 4.1a.

Pharmacodynamics
Endothelial (progenitor) cells (E(P)Cs) samples were collected on cycle 1 day 1
(prior to dosing), 22 and cycle 2 day 15. Mononuclear cells were isolated using a
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CPT tube (Becton Dickinson). E(P)Cs were quantified by four color flow cytometry
using CD45, CD31, CD146 and CD133 markers as previously reported. [32] Plasma
samples were collected for soluble VEGF receptor 2 (sVEGF-R2), VEGF and SDF-1α
level measurements prior to dosing and 8 hours after dosing, in cycle 1 day 1, 15 and
predose of telatinib day 1 every next cycle, using commercially available sandwich
ELISAs (R&D Systems) reasonably known to only recognize free, unbound VEGF and
unable to detect VEGF bound to bevacizumab. [24] The paired t-test was used when
data were normally distributed and Wilcoxon signed rank test otherwise (2 sided). P
values < 0.05 were considered significant.

Results
Patient Population
26 patients were treated (Table 1). There were four screening failures due to
incompliance of in- and exclusion criteria (n=3) and early disease progression.
Patients’ characteristics are provided in table 2.
Table 1 | Study Design and Patient Assignment
Dose of
preplanned dose
escalation design

actual implemented
study design

Cohort

telatinib†

bevacizumab*

telatinib†

bevacizumab*

No. of patients
enrolled

I

300 mg bid

5 mg/kg

300 mg bid

5 mg/kg

6

II

600 mg bid

5 mg/kg

450 mg bid

5 mg/kg

6

III

900 mg bid

5 mg/kg

450 mg bid

1 mg/kg

14

IV

1200 mg bid

5 mg/kg

—

—

—

V

1200 mg bid

10 mg/kg

—

—

—

† continuously
* IV infusion day 1 and day 14 of every cycle (cycle 28 days) starting from day 14 cycle 1

Determination of the Recommended Dose
In cohort I, patients were treated with starting dosages of telatinib 300 mg bid
continuously and bevacizumab 5 mg/kg on day 1 and 14 of every subsequent cycle
(Table 1). Based on a DLT, grade 3 hypertension refractory to antihypertensive
treatment together with grade 3 fatigue, the cohort was expanded from three to
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six patients. Because toxicity appeared mild in these three extra patients, it was
considered safe to increase telatinib to 450 mg bid in cohort II.
Table 2 | Patient Characteristics*
Dose level

I

II

III

Total

No. of patients enrolled

6

6

14

26

Male

5 (83%)

4 (67%)

6 (43%)

15 (58%)

Female

1 (17%)

2 (33%)

8 (57%)

11 (42%)

Median (years)

45.0

57.5

57.0

55.0

Range

20-62

43-68

20-73

20-73

0

3 (50%)

3 (50%)

9 (64%)

15 (58%)

I

3 (50%)

3 (50%)

5 (36%)

11 (42%)

Breast cancer

—

—

1

1 (4%)

Colon cancer

1

4

4

9 (35%)

Hepatoma

2

—

1

3 (12%)

Malignant melanoma

—

1

1

2 (8%)

Sex

Age

ECOG performance status

Primary tumor

Ovarian cancer

—

—

1

1 (4%)

Pancreatic cancer

—

—

3

3 (12%)

Renal cancer

2

—

1

3 (12%)

Oropharyngial cancer

—

1

—

1 (4%)

Bladder cancer

—

—

1

1 (4%)

Esophagus carcinoma

—

—

1

1 (4%)

Cancer of unknown primary

1

—

—

1 (4%)

Surgery

6

6

14

26 (100%)

Systemic anticancer therapy

4 (67%)

5 (83%)

11 (79%)

20 (77%)

Radiotherapy

1 (17%)

2 (33%)

2 (14%)

5 (19%)

Prior therapy

Abbreviation: ECOG: Eastern Cooperative Oncology Group
* all subjects valid for safety/ITT analyses

Cohort II enrolled six patients, once more because of the occurrence of
hypertension grade 3 refractory to antihypertensive treatment (DLT). Although
no further DLTs were reported in the additional patients, the toxicity of the
combination observed at this dose level, mainly consisting of multiple accumulating
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constitutional grade 1-2 AEs, was unexpectedly severe. Due to this cumulative
toxicity, the combination at this dose level could not be tolerated beyond cycle 2-3,
thereby prohibiting its evaluation in phase II setting. Therefore it was decided to deescalate the bevacizumab dose at the next dose level to 1mg/kg, as was anticipated
in the protocol. In cohort III again, a DLT occurred, consisting of a bowel perforation
in a patient with ovarian cancer. Consequently, this cohort was expanded to six
patients. Although no further DLTs were reported, a complex pattern of cumulative
toxicity was still observed. Because of the presence of low grade cardiac toxicity
(minor EKG changes and dyspnoea d’effort), the protocol was amended to include
six more patients. In these patients thorough cardiac monitoring by EKG occurred.
Two patients withdraw informed consent and were replaced. In this expanded
cohort, two DLTs occurred; a grade 3 lipase increase and an atrial flutter in another
patient. Taken together, 3 DLTs in 14 patients were observed at this dose level. It was
concluded that the toxicity at this dose level was acceptable but also represented
the MTD. The study was terminated. The proposed phase II dose for this combination
was set at telatinib 450 mg bid continuously and bevacizumab 1 mg/kg on day 1-14
of every subsequent cycle.

Safety and Tolerability
All 26 patients treated were assessable for safety analysis. Most frequently reported
AEs during treatment were pain (head, bone, abdominal) (88%) nausea (81%), voice
changes (77%), fatigue (73%), vomiting (65%) and hypertension (54%). Treatment
emerging AEs of any CTCAE grade (incidence ≥ 20%) and of CTCAE grade ≥ 3 (incidence
≥ 5%) are presented in table 3.
Five DLTs were reported, consisting of hypertension grade 3 refractory to
antihypertensive treatment (n=2), fatigue grade 3, bowel perforation grade 3,
increase in lipase grade 3 and atrial flutter. Fifteen treatment emerging serious
adverse events (SAEs) occurred. The most frequently reported SAEs were pain (n=5),
gastrointestinal events (n=4) and cardiac events (n=4). In general the combination
caused a toxicity profile that was characterized by an accumulation of multiple grade
1 and 2 adverse events already starting in the first weeks of treatment, resulting
in a treatment non-tolerable beyond 2-3 cycles. Thirteen patients (50%) had to
discontinue treatment permanently due to toxicity. In 3 patients the accumulation
of multiple symptoms resulted in withdrawal of consent and the other 10 patients
(n=3, 3, 6 in cohort I,II, III respectively) had to discontinue treatment due to an AE;
fatigue (5 of 13) and hypertension (3 of 13) being the most frequent causative AEs.
After discontinuation, most of these symptoms reversed back to normal within a
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Table 3 | Treatment Emergent Adverse Events, any Grade‡ (incidence ≥ 20%#) and
Grade ≥ 3 (incidence ≥ 5%#)
Number of Patients with Adverse Event (n)
treatment emerging events
of any CTCAE
grade N=26*

Adverse Event
dose level

I

II

III

(n=6)

(n=6)

(n=14)

of CTCAE
grade ≥ 3 N=26*
total (%)

total

%

Any event

6

6

14

26 (100)

21

81

Anemia

—

—

2

2 (8)

2

8

Anorexia

1

3

8

12 (46)

—

—

Cardiac general, other than
hypertension^

1

1

3

5 (20)

3

12

— aspecific cardiac complaints**

—

—

1

1 (4)

1

4

— cardiac arrythmia

—

2

1

3 (12)

1

4

— cardiac ischemia

—

—

1

1 (4)

1

4

Constipation

2

3

6

11 (41)

—

—

2

3

3

8 (31)

3

12

1

3

2

6 (23)

—

—

—

2

6

8 (31)

—

—

Constitutional symptoms
Dermatology, other

Ω

Diarrhea
Dizziness

1

1

4

6 (23)

—

—

Dyspnoe ^

—

3

3

6 (23)

2

8

Fatigue

4

5

10

19(73)

3

12

Hemorrhage

—

3

3

6 (23)

—

—

4

5

5

14 (54)

8

31

3

5

5

13 (50)

7

27

Nausea

4

5

12

21 (81)

—

—

Pain≠

5

5

13

23 (88)

3

12

Voice changes

5

5

10

20 (77)

—

—

Vomiting

4

4

9

17 (65)

—

—

Weight loss

2

1

5

8 (31)

—

—

Hypertension
Liverbiochemistry disturbances

†

‡ conform Common Terminology Criteria for Adverse Events (CTCAE), NCI version 3.0
#or otherwise clinically important
* patient population valid for safety and intention to treat analysis
^ represented because of clinical significance
** consisting of dyspnea d’effort, cyanosis and p wave enlargement
Ω other than acne, dry skin, rash, nailchanges
† consisting of AST, ALT and GGT
≠ consisting of headpain, musclepain, abdominl pain and bone pain
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few days. Both telatinib as bevacizumab monotherapy are well known for increasing
blood pressure in 24% and 11% of the patients respectively. [12,33,34] Here, 14 of 26
patients (54%) developed hypertension and three patients had to discontinue study
treatment due to grade 3 hypertension refractory to anti-hypertensive treatment.
Other cases of hypertension were well managed with the predefined hypertension
management protocol, consisting of initiating ACE inhibition treatment (followed
by the addition of calcium channel inhibitor when necessary) and carefully blood
pressure monitoring until below 160/95. In cohort III, silent myocardial ischemia,
an atrial flutter and in one patient P-wave enlargements on EKG accompanied by
symptoms of cyanosis and dyspnoea were observed. Remarkably, the myocardial
ischemia confirmed by ultrasound of the heart, was asymptomatic and reversible
as observed on the ultrasound performed several weeks after discontinuation of
treatment. The patient with the enlarged P waves on EKG was rechallenged with
the study drug under carefully ultrasound monitoring of cardiac function showing
no abnormalities. Hoarseness occurred in 20 of 26 patients (77%) and subungual
bleedings, in five of 26 patients (19%). Tolerability is shown in table 4. In 18 of 26
patients (69%) the ECOG performance status changed for at least one point during
treatment.

Antitumor Activity
23 patients were assessable for clinical activity. Three patients discontinued the
study before radiological assessment. Twelve patients (46%) showed stable disease.
Although no formal partial remission was observed, ten patients (38%) showed
tumor shrinkage; 5/6 patients, 3/6 patients and 2/14 patients in cohort 1, 2 and 3,
respectively.

Pharmacokinetics
21 patients were enrolled into the pharmacokinetic analysis. (Figure 1)
No evident impact of co-administration of bevacizumab on telatinib pharmacokinetics
was observed. Although the reduction of AUC(0-12)ss and Cmax,ss of BAY 57-9352 and
BAY 60-8246 by concomitant bevacizumab appeared to be distinct at least in the
first cohort, an accidental change in the bioavailability of both compounds cannot
be ruled out in view of the high variability of their pharmacokinetics.

Endothelial progenitor cell and growth factor analysis
Plasma VEGF profiles of all patients showed a significant increase (Figure 2A),
followed by a statiscally significant VEGF decrease after bevacizumab administration.
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Remarkably, this was observed for both 5 mg/kg and 1mg/kg bevacizumab. sVEGFR-2
levels decreased during therapy (Figure 2B). Unexpectedly, there was a significant
increase in EPCs and plasma SDF-1α levels after 14 days of telatinib monotherapy
(Figure 2C-D).
Table 4 | Tolerability†
Doselevel
I

II

III

total (%)

N
Dose telatinib (mg) bid

6
300

6
450

14
450

26

Dose bevacizumab (mg/m2)

5

5

1

600
5

900
5

900
1

2
2.7

2.5
2.5

2
2.1

2.0
2.3

telatinib
bevacizumab

5
4

4
3

8
4

17 (65)
11 (48)

telatinib
bevacizumab

100
100

100
100

88
100

3
3

3
3

9
5

15 (58)
11 (42)

5
1
—

3
3
—

5
5
1

13 (52)
9 (36)
1(4)

2
—
3
—
1
—

2
—
1
2
1
—

3
1
4
2
3
1

7 (28)
8 (28)
8 (32)
4 (16)
5 (20)
1 (4%)

Actual Daily Dose (median)
telatinib (mg)
bevacizumab (mg/kg)
Cycles on telatinib treatment
Median
Mean
Dose Modifications (N)‡

Reason adverse event (%)

ECOG performance status
baseline
0
1
last visit
1
2
3
Change last visit vs baseline
unchanged
missing
0 -> 1
0 -> 2
1 -> 2
1 -> 3

† for patient population valid for safety and ITT analysis
‡ number of patients with dose modification as dose reduction, interruption or delay

4

6
8
time [hours]

10

12

doselevel III (combination)

doselevel III (telatinib)

doselevel II (combination)

doselevel II (telatinib)

doselevel I (combination)

doselevel I (telatinib)

0.46 (145)
0.07 (153)
2.0 (0.6-3.0)

5.38 (67)
0.94 (87)
2.0 (2.0-3.0)
0.30 (90)
0.04 (104)
3.0 (2.0-4.0)

3.24 (31)
0.53 (27)
2.1 (2.0-4.0)
65
63

60
57

ratio

0.49 (161)
0.05 (170)
4.0 (2.1-4.0)

5.22 (81)
0.75 (101)
3.0 (2.1-4.0)

0.39 (148)
0.05 (121)
6.0 (0.6-8.2)

4.51 (52)
0.58 (72)
4.0 (2.0-6.1)

450 mg bid
5 mg/kg
C1 D14
C1D15

300 mg bid
5 mg/kg
C1 D14
C1D15

4.24 (161)
0.65 (184)
3.0 (1.1-4.0)
0.41 (303)
0.05 (297)
3.0 (2.0-4.0)

86
77

83
87

ratio

III (N=11)

0.37 (260)
0.04 (236)
3.0 (0.5-4.1)

3.70 (156)
0.58 (173)
2.0 (0.5-4.0)

450 mg bid
1 mg/kg
C1 D14
C1D15

AUC: area under the curve ; Cmax: maximum plasma concentration; tmax, ss: time maximum plasma concentration is reached;
C1D14 cycle 1 day 14 (telatinib only); C1D15: cycle 1 day 15 (combination treatment); *tmax, ss expressed as median (range)

AUC 0-12, ss [mg*h/L]
Cmax, ss [mg/L]
tmax, ss [hours]

BAY 60-8246
(N=21)

dose telatinib
dose bevacizmab

II (N=5)

I (N=5)

Doselevel

Pharmacokinetic parameters (%CV)* of telatinib, on C1D14 (telatinib only) and C1D15 (combination)

2

AUC 0-12, ss [mg*h/L]
Cmax, ss [mg/L]
tmax, ss [hours]

0

telatinib
(N=21)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

92
83

87
90

ratio

(cycle 1, day 14) and with (cycle 1, day 15) bevacizumab (geometric means (%CV))

day 15) an intravenous dose of bevacizumab. B: Pharmacokinetic parameters of telatinib following multiple doses of telatinib bid without

Figure 1 | A: Geometric mean plasma concentrations of telatinib, administered twice daily, without (cycle 1, day 14) and with (cycle 1,

B

plasma concentration telatinib [mg/L]

A
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Figure 2 | Measurement of (A) unbound plasma VEGF and (B) sVEGFR-2 levels, per dose level (DL), all dose levels (N=26) and for 450 mg
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Discussion
In this study we hypothesized that concurrent administration of telatinib and
bevacizumab would result in a complete inhibition of the VEGF pathway both at
the level of the ligand and receptor resulting in maximal therapeutic potency and
enhanced efficacy. This effect would be elaborated by both complete blockade of
the VEGF signalling pathway as to the direct antitumor effect of the VEGFR-TKI.
Based on the reported mild toxicity profiles in phase I studies monotherapy telatinib,
combining telatinib with bevacizumab was therefore considered to be feasible.
[12,14]

Results from this current phase I study confirmed that combining telatinib to
bevacizumab is a combination with biological activity. We observed a clinical benefit
of 46% in a heavily pretreated heterogeneous patients group. The combination was
moderately tolerated as expressed in a high dose modification/delay rate of 65% and
a mean number of cycles on telatinib of 2.3. In 18 out of 26 patients (69%) the ECOG
performance status changed ≥ one point during treatment.
This moderate tolerability is in line with other clinical trials recently published.
Azad et al. combined bevacizumab with sorafenib up to dosages of sorafenib at
200 mg twice daily with bevacizumab 5 mg/kg every 2 weeks and observed clinical
benefit in 53% of the patients. Nevertheless, 74% of the patients required a dose
reduction suggestive of an intolerability of the combination on the long term. [26]
In the study of Feldman et al. in which bevacizumab (10 mg/kg) was combined
to sunitinib in dosages up to 50 mg, an objective response rate (ORR) of 52% in
metastatic renal cell cancer patients was observed. Besides numeral SAEs and
grade 3 AEs, as well multiple grade 1 and 2 adverse events occurred, occasionally
resulting in an intolerable treatment regimen and withdrawal of consent in 48% of
the patients. [27] Rini et al. reported for the same combination an ORR of 18% for
a general phase I population and observed grade ≥ 3 toxicity in 87% of the patients,
suggesting a feasible combination, albeit with toxicity at higher dosages, requiring
dose modification with continued therapy. [28]
In our study, hypertension occurred at higher frequencies than observed in
monotherapy with these kinds of agents. [13,33-36] Contrary to the study of Azad
et al., no distinct skin reactions were observed. [26,37] Because cardiotoxicity is
a frequently reported phenomenon in this class of anti cancer agents. [36] specific
attention was given to this toxicity. Cardiac toxicity was reported in three cases,
consisting of silent myocardial ischemia, P wave enlargement on EKG registration
accompanied by cyanosis and dyspnoea and an atrial flutter. A relation to the study
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drugs could not be ruled out. Remarkably, most cardiac toxicity was reversible after
study drug withdrawal. Due to our small and heavily pretreated patient population,
a final assessment about the actual cardiotoxic potential for the combination is not
possible.
The recommended phase II dose was defined as telatinib 450 mg bid continuously
and bevacizumab 1mg/kg on day 1-14 of every subsequent cycle. Pharmacokinetic
profiles of telatinib and its metabolite were not meaningfully altered by
coadministration of bevacizumab. Incidental changes observed were within the
usual range of interpatient variability. Corresponding to earlier published data
in which bevacizumab 0.3 mg/kg was sufficient to neutralize VEGF levels, [29]
addition of bevacizumab 1 mg/kg was as effective in neutralizing free VEGF levels
as bevacizumab 5 mg/kg. Consistent to previously published preclinical data in
which sunitinib treated mice showed increased levels of various growth factors,
among which SDF-1α, we observed increased levels of VEGF and SDF-1α levels
during TKI monotherapy. [19] EPCs increased simultaneously. Although speculative,
this upregulation of pro-angiogenic factors, possibly resulting in enhanced EPC
mobilization during VEGFR-TKI treatment, might be responsible for emerging
resistance to VEGFR-TKIs. Eventually, the addition of bevacizumab tended to reduce
EPC and growth factor levels.
This study reveals that although antitumor activity was found in heavily pretreated
patients, combination of telatinib with bevacizumab was moderately tolerated at
doses already below single-agent doses, mostly caused by accumulating grade 1 and
2 toxicity. These results support the rational that combinatorial therapy results in
increased efficacy, but also endorse that increased target specificity coincides with
increased and overlapping toxicity. Although single agent doses were not upheld
in our study, biological activity of the combination was observed. Therefore, we
suggest that in combinatorial treatment strategies, especially when targeting
a shared pathway, doselevels below the standard single agent dose jointly might
already be therapeutically active. However, even at low dosages increased toxicity
may be observed necessitating further investigation of cardiotoxicity in following
studies.
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Statement of translational relevance
Several hypotheses point out to the synergism between the combination of
bevacizumab and chemotherapy. First of all, improving or normalization of the leaky
and ineffective vasculature by the addition of a VEGF inhibiting agent is an emerging
concept to enhance the efficacy of concomitantly administrated cytotoxic therapies
(Jane et al. Science 2005) Secondly, addition of anti angiogenic agents within the
drug free periods between chemotherapy cycles might inhibit the tumor cell division
and tumor regrowth in the chemotherapy free periods (Kerbel et al. Science 2006).
In our recent Cancer Cell paper in collaboration with Bob Kerbel (Shaked et al.
Cancer Cell 2008) we demonstrated an immediate release of endothelial progenitor
cells within 4 hours after certain types of chemotherapy. In preclinical models
this provided proof of the biological relevance of these cells in tumor growth
and response to therapy and this provided evidence for a novel mechanism of
how an anti-angiogenic drug can enhance the anti-tumor efficacy of conventional
chemotherapy, by inhibition of acute mobilization of these endothelial progenitor
cells. In contrast to bevacizumab, small molecule TKIs targeting the VEGF receptor
have not yet shown to enhance the efficacy of conventional chemotherapy in clinical
trials. Conceptually, it might be favourable to combine chemotherapy with VEGFR-2
inhibiting agents that are available in oral formula. In this manuscript we have
investigated this concept of inhibition of treatment enhanced angiogenesis into the
clinic. We investigated whether telatinib, a small molecule TKI targeting the VEGF
receptor could be combined with a combination of capecitabine and irinotecan at
biologically relevant doses. This study reveals that combination of telatinib with
irinotecan and capecitabine was tolerated at relevant single-agent doses of all
three agents, and antitumor activity was found in severely pretreated patients.
Pharmacodynamic analysis shows stabilized levels of endothelial progenitor cells
during combination treatment.

Chapter 4 85

Abstract
Purpose: We studied the safety and tolerability of telatinib, an orally available,
small molecule tyrosine kinase inhibitor of the vascular endothelial growth factor
receptor (VEGFR-2/VEGFR-3),PDGFR-β and c-Kit in combination with capecitabine
and irinotecan.
Experimental Design: Telatinib twice daily continuously, irinotecan once every three
weeks and capecitabine oral twice daily on day 1-14 were administered in cycles of
21 days in escalating doses in successive cohorts. Toxicity was evaluated conform
CTCAE version 3.0. Pharmacokinetic (PK) and (circulating) endothelial (progenitor)
cell (C)E(P)C measurements were performed. Tumor efficacy was evaluated using
RECIST.
Results: Twenty three patients were included in this phase I trial. Most frequently
(> 25 %) reported adverse events of any grade were vomiting, nausea, fatigue,
diarrhea, alopecia and hand foot syndrome. A silent myocardial infarction and two
cases of decreased LVEF were reported; both were reversible. Cardiac monitoring of
the subsequent patients did not reveal other abnormalities. The study was terminated
when the recommended single agent phase II doses of telatinib (900 mg bid) and
capecitabine/irinotecan was reached. PK profiles showed no clinically relevant
changes upon coadministration of the three drugs. (C)E(P)Cs levels stabilized during
treatment. Five out of 23 patients had partial remission and nine out of 23 patients
showed stable disease.
Conclusions: Telatinib 900 mg bid continuous can be safely combined with irinotecan
(180 mg/m2) and capecitabine (1000 mg/m2 twice daily, day 1-14) and is the
recommended schedule for further phase II studies. Tumor shrinkage and disease
stabilization was observed. Cardiac toxicity needs further investigation in following
studies.
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Introduction
The importance of angiogenesis in solid tumor growth is well established. Inhibition
of the VEGF/VEGFR pathway is now an approved and generally accepted treatment
of renal cell, hepatocellular, breast, colorectal and lung cancer. [1-6] Interestingly,
bevacizumab, a monoclonal antibody against VEGF-A, is predominantly administered
in combination with chemotherapy whereas the small molecule inhibitors of the
VEGFRs, sunitinib and sorafenib, are used as single agent. [2,4-6]
The mechanism underlying the synergism between the combination of bevacizumab
and chemotherapy is not completely understood, but preclinical and early clinical
research point to possible explanations. [7,8] First of all, improving or normalization
of the leaky and ineffective vasculature by the addition of a VEGF inhibiting agent
is an emerging concept to enhance the efficacy of concomitantly administrated
cytotoxic therapies. [9,10] Secondly, addition of anti angiogenic agents within the
drug free periods between chemotherapy cycles might inhibit the tumor cell division
and tumor regrowth in the chemotherapy free periods. [11] Finally, it has recently
been shown in preclinical and clinical studies that certain anticancer treatments
can induce an immediate mobilization of endothelial progenitor cells from the bone
marrow to the tumor within hours after start of the treatment. Interestingly, in
mice this phenomenon prevented necrosis induced by therapy and could be inhibited
by an antibody against the VEGFR-2, restoring or enhancing the antitumor effect
induced by therapy. [12-14]
Although disagreement still exists on the contribution of these cells to the actual
growth of the tumor. [15-20] it is univocally demonstrated that these cells have
a crucial function in metastasis formation, the transition of micrometastasis to
macrometastasis and prevention of necrosis after therapy. [21,22] Addition of a VEGF
(endothelial cell) inhibiting agent to conventional chemotherapy regimens might
therefore act synergistically.
The major breakthrough for combinatorial treatment regimens was constituted
by the clinically meaningful improvement in survival observed in metastatic colon
cancer patients treated with irinotecan, capecitabine, leucovorin and bevacizumab.
[1]

In contrast to the established added value of bevacizumab to chemotherapy in
the first line treatment of metastasized colon cancer, small molecule TKIs targeting
the VEGF receptor have not demonstrated to enhance the efficacy of conventional
chemotherapy yet. [23] We therefore embarked on a clinical study to investigate
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the combination of the VEGFR-TKI telatinib with a combination of capecitabine and
irinotecan in patients with advanced solid tumours.
Telatinib (BAY 57-9352) is an orally available, highly potent, small molecule
inhibitor targeting the tyrosine kinase domain of the vascular endothelial growth
factor receptor (KDR/VEGFR-2/VEGFR-3), PDGFR-β and c-Kit. It has low affinity for
the Raf kinase pathway, EGFR family, the FGFR family or the Tie-2 receptor. The
antitumor activity of telatinib has been demonstrated in a range of preclinical models
and the safety of telatinib monotherapy has already been demonstrated in a phase I
trial. [24] We studied the feasibility and evaluated safety of telatinib in combination
with capecitabine and irinotecan in a phase I study. Secondary objectives included
determination of the pharmacokinetic profile of telatinib in combination with
capecitabine and irinotecan, investigation of the effect of telatinib on markers of
biological activity (VEGF/sVEGFR-2 and circulating endothelial cell measurements)
and preliminary evaluation of efficacy.

Patients and Methods
Eligibility Criteria
In two centers in the Netherlands, adult patients with histological or cytological
evidence of advanced solid tumors refractory to or failing standard treatment or
patients with advanced colorectal cancer eligible for second line chemotherapy
treatment, were recruited. Patients were required to have progressive disease
within 6 months prior to study entry based on radiological assessment, at least one
measurable lesion, WHO status ≤ 1, a life expectancy of at least twelve weeks and
an adequate bone marrow, renal and liver function. The most important exclusion
criteria were a history of CNS tumors or metastases, a history of cardiac disease,
congestive heart failure NYHA>2, active coronary artery disease, cardiac arrhythmias
requiring anti arrhythmic therapy, poorly controlled hypertension, uncontrolled
infections, patients with serious non-healing wounds, patients with baseline
coagulation disorders, gastrointestinal disorders resulting in malabsorbtion, pregnant
or breast feeding women and patients with toxicity suggestive of dihydropyrimidine
dehydrogenase deficiency or UGT1A1 polymorphisms (*6, *7, *27, *28 and *29).
The study was approved by both institutional ethics committees and all patients
provided written informed consent. The trial was conducted in accordance with the
Declaration of Helsinki.
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Study Treatments and Dose Escalations
In this phase I, two-center, open-label study, dose escalation study, patients were
included in successive cohorts of three patients with increasing dose of telatinib or
irinotecan. Capecitabine was administered at a fixed dose of 1000 mg/m2 twice daily
every first 14 days of each cycle in all four cohorts. (Table 1) Telatinib treatment
was started on day five of cycle one and was given twice daily continuously.
Patients in the first dose escalation cohort were treated with 300 mg telatinib
twice daily, 125 mg/m2 irinotecan infusion once every 21 days and capecitabine
1000 mg/m2 twice daily every first 14 days of each cycle, both starting at day one
of cycle one. Predefined maximum doses (telatinib and irinotecan) and fixed dose
(capecitabine) based on previously performed phase I studies of telatinib alone
and of the combination of irinotecan and capecitabine, were 900 mg twice daily,
180 mg/m2 and 1000 mg/m2 respectively. [24-26] In all four cohorts patients received
telatinib until tumor progression or when uncontrollable toxicity was encountered.
The chemotherapy regimens were administered up to a maximum of six cycles.
From that moment on, patients were treated with monotherapy telatinib until
disease progression, unacceptable toxicity or withdrawal of consent. Individual dose
modifications as a consequence of toxicity were performed according to predefined
guidelines.
Dose limiting toxicity (DLT) was defined as any combination regimen or telatinib
related non-haematological adverse event (AE) of at least Common Terminology
Criteria for Adverse Events (CTCAE) version 3.0 grade 3 occurring during the first and/
or second cycle (one treatment cycle = three weeks) of treatment with exception of
alopecia, nausea / diarrhea well controlled by intervening treatment and liver function
disturbances no longer persisting than 3 weeks. Hypertension grade 3 refractory to
anti-hypertensive treatment according to the predefined hypertension management
protocol or grade 4 was considered to be a DLT. Haematological adverse events
considered as DLT were: neutropenia defined as less than 0.5x109/L neutrophils
for more than 7 days, neutropenia with fever ≥ 38.5°C and ANC < 0.5x109/L, and
platelets less than 25x109/L or thrombocytopenic bleeding CTCAE grade 3. In case
of a DLT, the cohort was expanded to six patients. If in more than one of the six
patients within a dose level a DLT was observed, that dose was considered above
the maximum tolerated dose (MTD), and dose escalation was stopped. Safety review
meetings were held for each dose level, before entering the next dose level.
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and personal reasons) and had to be replaced. Once more, the combination at
this dose level was well tolerated and because of the absence of DLTs, the dose of
telatinib was increased to the recommended phase II dose of 900 mg bid. [24]
Table 1 | Study Design and Patient Assignment
Dose of

Number of patients (N)
valid for analysis of

Dose
level

telatinib†

irinotecan▪ capecitabine# enrolled safety*

PK
(I)‡

PK
Bio(T&C)∞ markerı

I

300 mg bid 125 mg/m2 1000 mg/m2 bid

3

3

3

3

3

II

300 mg bid 180 mg/m2 1000 mg/m2 bid

7

7

4

4

6

III

600 mg bid 180 mg/m2 1000 mg/m2 bid

6

6

3

4

6

IV

900 mg bid 180 mg/m2 1000 mg/m2 bid

7

7

5

6

6

† continuously, first telatinib administration on cycle 1, day 4
▪ IV infusion day 1 of every cycle (cycle 21 days)
# capecitabine day 1-14 (cycle 21 days)
*valid for safety and ITT analysis; at least 1 dose of study medication
‡ valid for PK analysis of irinotecan
∞ valid for PK analysis of telatinib and capecitabine
ıvalid for biomarker analysis

Safety and Efficacy Assessments
At every biweekly visit during the course of the study, a physical examination,
assessment of adverse events, clinical chemistry, haematology and urinalysis were
performed.
Cardiac function was monitored before each treatment cycle by an ECG. Tumor
assessment was performed before start of the study and every six weeks thereafter
or at the discretion of the investigator. Response was assessed using the Response
Evaluation Criteria in Solid Tumors guidelines. [27]

Pharmacokinetic Analysis
Blood samples were collected to determine plasma concentrations of irinotecan and
SN 38 in the dose escalating cohorts on day 1 of cycle 1 and on day 1 of cycle 2 prior
to dosing and at 1, 1.5 hours (just before the end of the infusion), 1.75, 2, 2.5, 4, 6,
8, 12, 24, 48 and 72 hours thereafter, of capecitabine and 5-FU on day 1 of cycle 1
and on day 1 of cycle 2 prior to dosing and at 0.5, 1, 2, 4, 6, 8 and 12 hours thereafter
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and of telatinib and its metabolite M2 (BAY 60-8246) on day 21 of cycle 1 and on day
1 of cycle 2 prior to dosing and at 0.5, 1, 2, 4, 6, 8 and 12 hours thereafter.
The plasma concentrations of telatinib, BAY 60-8246, capecitabine and 5-FU were
determined using specific HPLC-MS/MS assays with a lower limit of quantification
(LLOQ) of 0.002 mg/L (telatinib and BAY 60-8246), 25 ng/mL (capecitabine) or
5.0 ng/mL (5-FU). For the determination of plasma concentrations of irinotecan and
SN 38, a specific HPLC assay with fluorescence detection was applied with an LLOQ
of 2.0 ng/mL for both compounds.
The primary pharmacokinetic characteristics AUC and Cmax (irinotecan), AUC(0-24)
and Cmax (SN 38), AUC(0-12) and Cmax (capecitabine and 5-FU) or AUC(0-12) and Cmax
(telatinib and metabolite M2), respectively, were analyzed assuming log-normally
distributed data.
The logarithms of these pharmacokinetic characteristics were analyzed using
analysis of variance (ANOVA). Based on these analyses point estimates (LS-Means)
and exploratory 90% confidence intervals for the ratios of parameters after
administration of all drugs simultaneously versus administration of chemotherapy
and telatinib alone were calculated by retransformation of the logarithmic data.

Biomarker analysis
Blood samples for the measurement of circulating endothelial (progenitor) cells
were collected on cycle 1 day 1 (prior to dosing) and on day 14. Mononuclear cells
were isolated by means of a CPT tube of 8 ml (Becton Dickinson). Additional plasma
samples were stored for the determination of soluble VEGF receptor-2 and VEGF
prior to dosing and 8 hours after dosing cycle 1 on day 1, 3, 4, 21, cycle 2 on day 1
and day 14 and subsequent cycles on day 1.
Endothelial (progenitor) cells were quantified by four color flow cytometry using
CD45, CD31, CD146 and CD133 as markers as previously reported. [28] Plasma VEGF
and sVEGFR-2 levels were measured using commercially available sandwich ELISA
kits (R&D Systems) following the manufacturer’s instructions. Statistical comparisons
between baseline and each of subsequent timepoints were performed using the
Students t test. All tests were 2 sided. P values lower than 0.05 were considered as
statistically significant (Graphpad prism 4.0 / SPSS version 15).
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Results
Patient Population
A total of 23 patients were enrolled in the study in four different dose escalating
cohorts. (Table 1) All patients were valid for safety analysis and 17 patients for PK
analysis. The median age of the patients was 57 years (range 20-71). Additional
patient characteristics are provided in table 2.

Determination of the Recommended Dose
Dose level I enrolled three patients. (table 1) The combination at this dose level was
well tolerated. Dose level II enrolled seven patients in total. Due to a sudden death
of the first patient in this cohort which occurred after just a few days of treatment,
the study was interrupted for four months, in expectation of the autopsy results,
pharmacokinetic (PK) analysis and UGT1A1 polymorphism analysis from the deceased
patient. Based on detailed analysis of this patient it was decided that the death was
unrelated and that it was considered safe to proceed with the study. Although the
event was eventually not assessed as a DLT, for safety reasons it was decided to
expand the cohort to six patients. Because another patient experienced an acute
anti cholinergic syndrome due to irinotecan infusion, the patient was replaced.
In total 5 patients in this cohort tolerated treatment well and it was decided to
increase the dose of telatinib to 600 mg bid according to the protocol.
Dose level III enrolled six patients. Three patients withdrew their consent before
the observation period of two cycles (due to non DLT-toxicity, difficulty to swallow
and personal reasons) and had to be replaced. Once more, the combination at
this dose level was well tolerated and because of the absence of DLTs, the dose of
telatinib was increased to the recommended phase II dose of 900 mg bid. [24]
Dose level IV at start enrolled three patients. After 3 months of continuous
telatinib administration all three patients showed diverse cardiotoxicity such as
ECG changes, a myocardial infarction and a significant systolic dysfunction. It was
decided to add three additional patients with intensive cardiac monitoring. One of
these patients withdrew consent after the first day of treatment because of personal
reasons and had to be replaced. No further signs of cardiotoxicity were observed at
this dose level. The study was, as outlined in the protocol, completed at this dose
level because the recommended doses for telatinib and irinotecan from phase I
studies was attained.
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Table 2 | Patient Characteristics
No.
No. of patients enrolled

23

Sex
Male

13

Female

10

Age
Median (years)
Range

57
20-71

WHO status
0

10

I

13

Colorectal cancer

6

Gastric cancer

2

Primary tumor

Pancreas cancer

1

Small cell lung cancer

1

Hepatoma

1

Bladder cancer

1

Cancer of unknown primary

4

Esophagus cancer

1

Osteosarcoma

1

Cholangiosarcoma

1

Chordoma

1

Cervical carcinoma

2

Other

1

Surgery

23

Prior therapy
Systemic anticancer therapy

8

Radiotherapy

17

Abbreviation: WHO: World Health Organisation

Safety and Tolerability
All 23 patients enrolled in the study received at least one dose of study medication
and therefore were assessable for safety analysis. Treatment emergent AEs observed
in ≥ 25 % of the patients were vomiting (83%), nausea (78%), fatigue (70%), diarrhea
(61%), alopecia (52%), hand foot syndrome (48%), constipation (48%) and voice
changes (35%). Grade 3 and 4 toxicities are presented in table 3. SAEs reported
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related to study treatment were cardiac ischemia/infarction, aspecific cardiac
complaints with normal cardiac ultrasound, left ventricular systolic dysfunction,
sudden death and diarrhea. Following the per protocol definitions no DLTs were
encountered.
Two deaths during treatment were reported. In dose level II, the first patient
suddenly died after two days of combination treatment. Although not likely related
to the study drug, a relation could not be ruled out and results from autopsy could
not provide us with a cause of death. Because of the fact that in the past the patient
was treated for a heart rhythm disorder and prior to his death this patient suffered
from an atrial fibrillation, a cardiac cause of death seemed to be likely. PK analysis
showed no significant abnormalities and there was no UGTA1 polymorphism present.
The second patient died of disease progression after 107 days of treatment in dose
level IV.
In dose level IV, one patient experienced a silent myocardial infarction nine
weeks after the start of the study, confirmed by ultrasound registration. After
discontinuation of the study drug, the EKG changed back to normal. In the same
dose level two cases of low LVEF (CTCAE grade 2 and 3) were observed respectively
16 and 19 weeks after start of study treatment. In both patients, the left ventricular
dysfunction was preceded by symptoms of dyspnoea d’ effort and on ultrasound the
ejection fraction of the left ventricle was 45% and 25% respectively. Cardiac follow
up of these two patients after discontinuation of the study drug showed improvement
of the left ventricle function to 63% and 53% respectively within 6 to 12 weeks.
Remarkably, all these cardiac events started with minimal, clinically not significant
EKG disturbances and without the presence of symptoms and were reversible after
discontinuation of the study drug. In addition, none of these patients had a history
of heart problems or cardiac risk factors. Intensive cardiac monitoring in the extra
three patients at this dose level showed no further cardiac toxicity.The median
numbers of days on treatment for the four different cohorts for telatinib were 174,
60, 65 and 96, respectively (Table 4). In dose level I, no dose modifications occurred.
Due to hand foot syndrome and neutropenia in dose level II, two dose reductions
of capecitabine or irinotecan occurred in two patients. In dose level III, in two
patients two dose reductions in capecitabine and irinotecan respectively occurred
because of hand foot syndrome and liver function abnormalities (increased ASAT).
No dose reductions occurred in the forth cohort. Primary reason for permanent
discontinuation was disease progression (13/23) followed by adverse events (4/23)
and consent withdrawn (4/23) (Table 4).
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Table 3 | Treatment Emergent Adverse Events Grade ≥ 3‡
Number of Patients with Adverse Event (n)
treatment emergent
events
Adverse Event

telatinib related
events

N=23*

N=23*

n

%

n

%

16

70

10

43

Hypertension

4

17

4

17

Pain

4

17

—

—

Increased AST

3

13

1

4

Thrombosis/embolism #

2

9

1

4

Neutropenia

2

9

—

—

Febrile neutropenia

2

9

—

—

Nausea

2

9

2

9

Increased ALT

2

9

1

4

Increased GGT

2

9

—

—

Hand Foot Skin reaction

2

9

—

—

Diarrhea

1

4

1

4

Vomiting

1

4

—

—

Dehydration

1

4

1

4

Fatigue

1

4

1

4

Cardiac ischemia

1

4

1

4

Left ventricular dysfunction

1

4

1

4

Sudden death

1

4

—

—

Infection

1

4

—

—

Cough

1

4

1

4

Anticholinergic syndrome

1

4

—

—

Any event

‡ conform Common Terminology Criteria for Adverse Events (CTCAE), NCI version 3.0
* patient population valid for safety and intention to treat analysis
# CTCAE grade 3 and grade 4: not related to study treatment

Antitumor Activity
Eighteen patients were assessable for anti-tumor activity of which 17 patients
had tumor measurements by RECIST. Five patients discontinued the study before
the first radiological assessment due to a sudden death, consent withdrawn (N=2)
and adverse event (N=2). Five out of 23 patients showed a partial response with a
median duration of 2.2 months (95%CI: 1.3-12.7) and nine out of 23 patients showed
stable disease with a median duration of 4.3 months (95%CI:2.7-9.9), cumulating in
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a clinical benefit rate of 61% (14/23). The group of the patients with a confirmed
partial response consisted of three patients with colorectal cancer, two patients
with an adenocarcinoma of an unknown primary and one patient with a chordoma.
Tumor shrinkage was present in 11 out of 17 patients (65%). Although small patient
numbers are prohibiting any definite conclusions, the highest shrinkage rate was
observed in the 900 mg telatinib dose level.
Table 4 | Treatment Administration Summary†
Doselevel
Dose telatinib (mg) bid*
Dose irinotecan

(mg/m2)**

Dose capecitabine (mg/m2)***

DL I

DL II

DL III

DL IV

300

300

600

900

125

180

180

180

1000

1000

1000

1000

600

600

1151

1706

Actual Administered Dose (median)
telatinib
irinotecan

233

349

330

329

capecitabine

3600

4000

3332

3388

Days on Treatment (median)
telatinib

174

60

65

96

irinotecan

113

43

51

78

capecitabine

126

56

65

91

Dose Modifications‡
telatinib

—

—

—

1

irinotecan

—

1

1

—

capecitabine

—

2

2

1

telatinib

2

—

1

2

Dose Delay‡
irinotecan

2

3

1

2

capecitabine

2

3

2

2

—

1

—

3

Reasons Permanent Discontinuation
Adverse event
Disease progression

3

5

2

3

Consent withdrawn

—

—

3

1

Death

—

1

—

—

† for patient population valid for safety and ITT analysis
* starting day four cycle one, twice daily continuously
** starting day one cycle one, day one of every subsequent cycle for six cycles
*** starting day one cycle one, twice daily, day one to fourteen of every subsequent cycle for six cycles
‡ number of patients with dose modification or dose delay
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Pharmacokinetics
Seventeen (telatinib, capecitabine) and sixteen (irinotecan) of the 23 patients
enrolled were evaluable for pharmacokinetic (PK) analysis. Geometric mean plasma
concentration time courses of telatinib from cycle 1, day 21 (telatinib alone) and from
cycle 2, day 1 (telatinib upon coadministration with irinotecan and capecitabine)
were analyzed. Table 5 shows the primary pharmacokinetic parameters of all six
compounds analyzed.
Following oral administration, telatinib was rapidly absorbed with a median tmax
of 2-4 hours. The systemic exposure data correspond well with previously published
data from the phase I trial with telatinib. [24] The simultaneous administration of 300
mg, 600 mg or 900 mg bid telatinib, 1000 mg/m2 bid capecitabine and of 125 mg/m2
or 180 mg/m2 irinotecan revealed no clear impact of the co-medication on the PK of
telatinib and of its metabolite BAY 60-8246. Either no or not relevant changes in PK
of irinotecan and of SN 38 and small to moderate changes in PK of capecitabine and
of 5-FU were observed, although individual effects might be disguised by the mean
values due to the high inter- and intra-individual variability of the PK especially of
capecitabine and 5-FU. The nonappearance of any significant interaction is consistent
with the independent mechanism of metabolism and transport for all these agents.

Pharmacodynamics
Plasma biomarker analysis consisting of (circulating) endothelial (progenitor) cells
by flow cytometry analysis showed that the addition of telatinib to chemotherapy
stabilizes PC/EPC levels in patients with progressive disease. Furthermore, this
stabilization seemed to be dose dependent. (Figure 1A, B) Measurements of sVEGFR-2
levels revealed a clear reduction starting at cycle 1 day 21 through the entire course
of treatment (total group: p< 0.0009). Plasma VEGF levels had a tendency to increase
during treatment, with a generally higher variability regarding their absolute levels
and relative changes, compared to sVEGFR-2. (Figure 1C and D)

AUC
Cmax
t½
AUC 0-24
Cmax

(N=16)

AUC 0-12
Cmax
t½
AUC 0-12
Cmax
t½

[ng*hr/ml]
[ng/ml]
[hours]
[ng*hr/ml]
[ng/ml]
[hours]

[ng*hr/ml]
[ng/ml]
[hours]
[ng*hr/ml]
[ng/ml]

[mg*hr/L]
[mg/L]
[mg*hr/L]
[mg/L]

5430 (35)
5194 (20)
0.34 (37)
238.25 (24)
163.48 (80)
0.49 (42)

7913 (72)
8206 (59)
6165 (72)
8903 (96)
0.61 (96)
0.48 (50)
207.52 (53) 274.34 (66)
114.21 (39) 227.71 (79)
0.96 (49)
0.55 (34)

4159 (55)
3222 (102)
0.53 (55)
339.35 (55)
213.2 (112)
0.65 (27)

1000 mg/m2(N=6)

8597 (30)
2012 (23)
11.11 (14)
235.91 (61)
29.10 (47)

180 mg/m2(N=5)

13037 (92)
6497 (49)
11376 (114)
6343 (76)
0.55 (28)
0.49 (20)
309.30 (54) 443.39 (66)
193.09 (62) 327.4 (129)
0.80 (23)
0.64 (27)

1000 mg/m2(N=4)

IV
combination

900 mg bid (N=6)
3.87 (84)
4.10 (51)
0.67 (56)
0.59 (53)
0.41 (144)
0.45 (81)
0.06 (92)
0.06 (71)

monotherapy*

7484 (29)
7572 (40)
1277 (14)
1849 (20)
12.39 (24) 11.63 (11)
190.28 (50) 220.44 (87)
34.57 (66) 41.45 (47)

180 mg/m2(N=4)

600 mg bid (N=4)
3.00 (17)
4.65 (73)
0.46 (6)
0.92 (111)
0.38 (60)
0.62 (53)
0.05 (31)
0.09 (65)

9024 (35)
7535 (29)
1839 (14)
1466 (15)
13.95 (13) 12.72 (15)
213.99 (14) 188.82 (85)
23.12 (41) 31.67 (81)

1000 mg/m2(N=4)

5999 (47)
9435 (42)
3332 (93)
1059 (51)
0.55 (27)
0.37 (67)
227.00 (53) 182.73 (67)
111.52 (80) 113.95 (33)
0.80 (57)
0.66 (34)

1000 mg/m2(N=3)

6624 (13)
9006 (23)
1431 (11)
1755 (21)
14.23 (12)
13.22 (7)
209.40 (25) 189.97 (34)
26.37 (26) 23.57 (58)

180 mg/m2(N=4)

125 mg/m2(N=3)
5884 (19)
1237 (14)
12.73 (14)
249.23 (5)
38.14 (14)

300 mg bid (N=4)
5.03 (45)
3.77 (57)
0.86 (42)
0.47 (61)
0.95 (168)
0.80 (278)
0.12 (126)
0.10 (261)

300 mg bid (N=3)
2.56 (105)
2. 47 (79)
0.35 (130)
0.31 (64)
0.37 (226)
0.33 (187)
0.05 (251)
0.04 (168)

Doselevel
II
III
monocombination
monocombination
therapy*
therapy*

* ‘monotherapy’ timepoint at C1D21 for telatinib, BAY 60-8246 and C1D1 for irinotecan, SN-38. capecitabine, 5FU; ‘combination’ timepoint for all compounds at C2D1;
C1D21: cycle 1 day 21; C1D1: cycle 1 day 1; C2D1: cycle 2 day 1; AUC: area under the curve; Cmax: maximum plasma concentration; t½: half life [hours]
BAY 60-8246: active metabolite of telatinib; SN-38: active metabolite irinotecan; 5FU: active metabolite of capecitabine

5FU

(N=17)

capecitabine dose

SN-38

dose

irinotecan

dose
AUC 0-12
Cmax
BAY 60-8246 AUC 0-12
Cmax

telatinib
(N=17)

monotherapy*

I
combination

Table 5 | Pharmacokinetic parameter (%CV) of telatinib irinotecan and capecitabine on C1D21/C1D1* (monotherapy) and C2D1 (combination)
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Figure 1 | Biomarker analysis, measurement of (circulating) endothelial (progenitor)
cells, vascular endothelial growth factor (VEGF) and soluble VEGF receptor 2 (sVEGFR-2).
A: Measurement of endothelial progenitor cells (EPC; CD31+, CD45-, CD146-, CD133+),
circulating endothelial cells (CEC; CD31+, CD45-, CD146+, CD133-) and progenitor cells
(PC; CD133+) B: Dose dependent effect of telatinib on inhibition of EPCs C: Measurement
of plasma VEGF and D: plasma sVEGFR-2 * p < 0.05 (Students t test) *** 0.01 > p < 0.001

Discussion
The addition of bevacizumab to chemotherapy regimens has proven its clinical benefit
in the treatment of colorectal, breast and lung cancer. In contrast to bevacizumab,
small molecules TKIs targeting the VEGF receptor have not yet shown to enhance the
efficacy of conventional chemotherapy in clinical trials. [23] Nevertheless, it might
be favourable to combine chemotherapy with VEGFR-2 inhibiting agents that are
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available in oral formulations and which have an apparently milder toxicity profile,
expressed in a lower incidence of acute disorders like gastrointestinal perforations
and coagulation disorders. Furthermore, the majority of bevacizumab treated
patient will become resistant to treatment during treatment. The VEGFR targeting
TKIs have in general a unique but diverging target specificity profile. From that
point of view, one could speculate that TKIs, targeting multiple tyrosine kinases
of other potentially to be upregulated proangiogenic factors (ie PLGF, PDGF, etc)
during VEGF inhibiting treatment, might block compensatory resistance pathways.
[23,29-32] In this study we combined the VEGFR-2 TKI (with also affinity for PDGFR-β

and c-Kit) telatinib with a chemotherapy regimen consisting of irinotecan and
capecitabine in order to maximize the therapeutic effect as compared to treatment
with the chemotherapeutic regimen alone. In the phase I telatinib monotherapy
trials, MTD was set at 900 mg bid in a continuous regimen. [24] From these phase
I studies, telatinib toxicity was considered as mild and combining this agent with
chemotherapy treatment was expected to be safe.
The results from the present study indeed confirm that the combination of
telatinib and a chemotherapy regimen consisting of irinotecan and capecitabine is
tolerated and sufficiently safe provided that cardiac monitoring is included during
the course of treatment. The most frequent toxicities of this combination treatment
reported were vomiting, nausea, fatigue, diarrhea, alopecia, hand foot syndrome
and constipation indicative for the fact that the toxicity profile of the study drug
combination consists mainly of the known toxicities caused by irinotecan and
capecitabine. The addition of telatinib to the combination did not seem to increase
the frequency or the severity of this well known toxicity caused by the chemotherapy.
[33-35] In particular, the presumed increase of diarrhea caused by both telatinib

as well as the combination irinotecan/capecitabine possibly impeding adequate
resorption of the TKI, was not observed. Hypertension did occur at a frequency
one would expect for a VEGF-inhibitor of this class and grade 3 hypertension was
observed at lower frequencies than in the monotherapy phase I trials with telatinib
(17% versus 23%). [24,36-40] Strikingly, in contrast to combinatorial regimens
consisting of chemotherapy and other VEGFR TKIs, no significant myelosuppression
was observed (n=2, 9%). [41-43] This might be explained by differences in TKI affinity
or the composition of the chemotherapy regimens.
Single agent studies with telatinib, sunitinib and sorafenib showed respectively
in 1.9%, 42% and 31% of the patients any grade bone marrow suppression. [24,44,45]
This may indicate that telatinib may be more suitable to combine with chemotherapy
than other VEGFR-TKI.
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Cardiac toxicity was reported in three cases, consisting of a silent myocardial
infarction and two cases of decreased LVEF. The LVEF decreases both resolved after
discontinuation of the study drugs. Due to the small numbers in this study and the
heavily pretreated patient population a final assessment concerning the actual
cardiotoxic potential for the telatinib / irinotecan / capecitabine combination is
not possible. However, cardiotoxicity is a frequently reported phenomenon for this
class of anti cancer agents although varying incidences have been reported for the
clinically approved VEGFR-TKI. [38,39,46,47] Further insight and revelation of the
exact underlying mechanisms is of great importance. Successive phase II studies
with this combination should include cardiac monitoring on a regularly basis in order
to address this research question.
No DLTs were reported in this study, thus the MTD was defined as for the
combination of telatinib (900 mg bid), irinotecan 180 mg/m2 and capecitabine
1000 mg/m2 at the applied schedule. Consequently, the recommended phase II dose
for the combination of telatinib with capecitabine and irinotecan is telatinib 900 mg
bid continuously, irinotecan 180 mg/m2 three weekly and capecitabine 1000 mg/m2
bid on day 1-14.
The CONFIRM 1 and -2 trials, in which vatalanib, VEGFR-2 TKI was combined with
FOLFOX-4 regimen as first line and second line treatment for metastasized colorectal
cancer respectively showed no enhanced activity for the combination. [48,49] In
our study, a clinical benefit rate of 61% was observed in a typical heterogeneous,
heavily pretreated phase I population. In 6 patients with colorectal cancer, 3 partial
responses occurred (50%). In comparison to clinical trials combining capecitabine
or 5FU and irinotecan as second line therapy in metastasized colorectal cancer
patients, in which a clinical benefit rate of 34% and objective response rates of 4 %
were reported, we might conclude that the combination has antitumor activity. [26,
50]

The pharmacokinetic profiles of telatinib as well as of irinotecan, capecitabine
and their metabolites were not meaningfully altered by coadministration. Incidental
changes observed were of low magnitude and within the usual range of interpatient
variability. Pharmacodynamic analysis showed a decrease in sVEGFR-2 and a more
variable pattern but with a trend towards upregulation of VEGF during the course of
treatment both as reported before in literature. Analysis of endothelial progenitor
cells (EPC) levels showed stabilized levels during course, possibly suggesting that
addition of telatinib might blunt chemotherapy induced EPC release. The absence
of a proper control (telatinib only) prohibits a definitive conclusion on this part and
the findings should be considered as exploratory. In the last dose level inhibition of
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EPCs was most effective, possibly reflected by the highest observed tumor shrinkage
at this level.
In conclusion, this study reveals that the combination of telatinib and irinotecan
plus capecitabine was sufficiently tolerated at relevant single-agent doses of all
three agents, and antitumor activity was found in severely pretreated patients.
These results support the further development of this regimen as treatment of
metastasized colon cancer under the condition that regular cardiac monitoring is
incorporated in following studies.
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Abstract
Introduction: PTK/ZK is a small molecule inhibitor of all three vascular endothelial
growth factor receptors, PDGFR, c-Fms and c-kit. Cetuximab is a monoclonal
antibody against EGFR. Combining inhibition of VEGF and EGF signaling might act
additive or synergistically.
Methods: In phase I design patients with advanced solid tumors were treated with
PTK/ZK daily (cohort I; 750 mg od, cohort II; 1250 mg od, cohort III 250 mg [morning]
and 500 mg [evening], cohort IV; 500 mg [morning] and 750 mg [evening]) in
combination with cetuximab 250 mg/m2 weekly in cycles of 28 days in cohorts of three
patients. Toxicity was evaluated conform CTCAE classification 3.0. Pharmacokinetics
and pharmacodynamics consisting of circulating endothelial (progenitor) (CE(P)) cell
analysis by flow cytometry were performed.
Results: Safety and tolerability was evaluated in 16 patients (median age 61, range
43-78) The most frequently reported adverse events were acne, dry skin, fatigue,
nausea, dizziness, vomiting, headache and diarrhea. One dose limiting toxicity
occurred in cohort III consisting of a grade 3 transaminitis. Pharmacokinetic analysis
revealed no significant changes in PTK/ZK exposure upon coadministration with
cetuximab and in bioavailability at equivalent total daily doses. Biomarker analysis
showed no significant change in the number of CE(P)Cs during treatment. One out of
14 evaluable patients showed a partial response for at least 11.5 months and seven
patients (50%) stable disease for at least two months.
Conclusion: This study shows the combination of PTK/ZK and cetuximab is well
tolerated with only slightly overlapping toxicity profiles and has anti tumor activity.
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Introduction
Therapies directed against vascular endothelial growth factor (receptor) (VEGF(R))
and epidermal growth factor receptor (EGFR) have shown their clinical benefit
in the treatment of cancer. [1-8] Vascular endothelial growth factor (VEGF) is a
multifunctional cytokine that increases microvascular permeability, and directly
stimulates endothelial cell growth and angiogenesis. [9] The angiogenic signal is
transmitted through cell surface receptors (VEGF-R1 and VEGF-R2) located on
the tumor vascular endothelium. These receptors have intracellular tyrosine
kinase activity. Binding of VEGF to VEGF-R2 results in the induction of several
proteins, including tissue factor, urokinase, tissue-type plasminogen activator,
plasminogen activation inhibitor-1, matrix metalloproteinase and anti-apoptotic
factors facilitating and supporting tumor growth and tumor metastasis formation.
[10] The HER1 receptor or EGFR is a prominent member of the HER growth factor

receptor family. Signalling through this receptor activates a cascade that leads
to proliferation, migration, survival signals and tissue remodelling. The EGFR is
overexpressed in a variety of cancers. Overexpression may range from 10% to 80% in
cancer. Its expression has been associated with poor survival. [11]
Based on the current knowledge of tumor biology there is a rationale to combine
targeted therapies that block different growth factor pathways. Although generally
targeted separately, the EGFR and VEGF receptor pathways are interconnected. The
EGFR pathway is implicated in several processes that control angiogenesis and is
present on the endothelial cells of tumor vasculature. [12] Activation of EGFR leads
to the induction of several angiogenic factors in tumor cells, including hypoxiainducible factor-1 stabilization via PI3 kinase/AKT pathway activity in addition to
enhanced production of VEGF by activation of the MAPK pathway. In vitro and in vivo
studies show that the upregulation of these pro -angiogenic factors could be inhibited
by a EGFR neutralizing antibody. [13] In addition, co- expression of EGFR and TGFα
is closely associated with microvessel density in invasive cancers. [14] Preclinical
studies show that inhibition of both EGFR and VEGF pathways produces additive
or synergistic antitumor effects. [15,16] Finally, it has recently been published
that VEGFR-1 contributes to anti-EGFR drug resistance in different human cancer
cells. Interestingly, impeding VEGF-R1 activation restored sensitivity to anti-EGFR
drugs. [17] Additionally, combination treatment of enzostaurine, a PKCb inhibitor,
with EGFR inhibitor gefitinib, overcame resistance to EGFR inhibitors in gefitinibresistant tumorcell lines. [18] Data from early clinical studies combining VEGF antibody bevacizumab with erlotinib in non small cell lung cancer, adenocarcinoma of
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unknown primary, breast cancer and renal cell cancer have been encouraging. [1923] and phase III trials with this combination treatment in NSCLC are ongoing at this

moment.
Overall, it is conceivable that in malignancies being EGFR and VEGF signalling
dependant for growth and proliferation, inhibition of EGFR signalling, in combination
with attenuation of VEGF-induced angiogenesis, would result in an additive/
complementary or even synergistic therapeutic effect. PTK/ZK (PTK787/ZK222584)
(vatalanib), belonging to the chemical class of aminophthalazines, is a potent and
relatively selective small molecule tyrosine kinase inhibitor of VEGF-R1, 2 and 3,
PDGFR, c-kit and c-Fms. PTK/ZK was evaluated in two phase III trials (CONFIRM 1
and 2) in advanced colorectal cancer in combination with chemotherapy. [24,25]
Cetuximab (ErbituxR) is a chimeric IgG1 monoclonal antibody that blocks the binding
of EGF to its receptor and inhibits cell proliferation, tumor neoangiogenesis and
metastatic potential, and promotes tumor cell apoptosis. Clinical activity has been
demonstrated when given as a single agent in patients with previously treated
colorectal cancer and has been approved in colorectal cancers without K-RAS
mutation. [4] The combination of VEGF and EGFR inhibitors has not been extensively
tested. A recently published phase III trial in colorectal cancer patients showed that
the addition of cetuximab to capecitabine, oxaliplatin, and bevacizumab resulted in
an unexpected, significantly shorter progression-free survival and inferior quality of
life. Mutation status of the KRAS gene was a predictor of outcome in the cetuximab
group. [26] Presently there is not a good explanation for this finding. It has led
investigators back to the bench and the design of early clinical studies in order
to elucidate the molecular mechanism behind the synergism or the antagonism
between biologically based targeted therapies. [22,27]
In this phase I study we studied the safety of PTK/ZK in combination with
cetuximab. Secondary objectives included determination of the pharmacokinetic
profile of PTK/ZK in combination with cetuximab, definition of the optimal dosing
regimen (once or twice daily PTK/ZK), investigation of the effect of PTK/ZK on
markers of biological activity (circulating endothelial cell measurements) and
preliminary evaluation of efficacy.

Patients and methods
Eligibility Criteria
In this single center, phase I study, patients aged > 18 years with advanced solid tumors
refractory to or failing standard treatment were included. Patients were required to
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have a WHO status ≤ 2 and an adequate bone marrow, renal and liver function. The
most important exclusion criteria were a history of CNS tumors or metastases, surgery
< 10 days prior to the start of study treatment or inadequate recovery from previous
therapies including surgery, radiation, chemo-, biologic or immunotherapy, a history
of cardiac disease, congestive heart failure NYHA>2, active coronary artery disease
less than 6 months to study entry, cardiac arrhythmias requiring anti arrhythmic
therapy, concurrent treatment with proton pump inhibitors, poorly controlled
hypertension, uncontrolled infections, impairment of gastrointestinal function
that may significantly alter the absorption of PTK/ZK, patients with uncontrolled
diabetes, proteinuria and patients who received experimental agents or radiation
therapy within 4 weeks of the start of the study. The study was approved by the
Institutional Ethical Committee and all patients provided written informed consent.
The trial was conducted in accordance with the Declaration of Helsinki.

Trial Design
In this phase I, monocenter, open-label study conducted in a dose escalation study
design, patients were included in four cohorts of three patients with increasing dose
of PTK/ZK and once or twice daily dosing regimens. Cetuximab was administered at a
fixed dose of 250mg/m 2 (with a loading dose of 400mg/m2) weekly in all four cohorts,
starting from day 8. PTK/ZK was given once (morning dose, cohort I and II) or twice
daily (morning and evening dose, cohort III and IV) continuously in an escalating
dose. A treatment cycle comprised 28 days. Predefined maximum dose of PTK/ZK was
1250 mg total daily based on previous single agent studies (Table 1). [28,29] PTK/ZK
was provided by Bayer Schering Pharma. In all four cohorts patients received PTK/
ZK and cetuximab until tumor progression or uncontrolled toxicity was observed.
This study design allowed to simultaneously start cohort I and III and subsequently
cohorts II and IV. Toxicity was evaluated according to Common Terminology Criteria
for Adverse Events (CTCAE) version 3.0. Dose limiting toxicity (DLT) was defined as a
grade 3 non-haematological adverse event (AE) related to the combination regimen
or PTK/ZK alone and unrelated to the patients underlying disease or concomitant
medications, occurring during the first cycle of treatment with exception of nausea
and diarrhea well controlled by intervening treatment. Neutropenia CTCAE grade
4, platelet count ≤ 50 x109/L, serum creatinine ≥ 2.5 x ULN, proteinuria on dip
stick reading CTCAE ≥ grade 2 confirmed by a 24-hour urine collection with a
protein of ≥ 1.0 g, hematuria CTCAE ≥ grade 2 and suspicion of reversible posterior
leucoencephalopathy syndrome were also considered to be a DLT. Toxicity solely
related to the cetuximab was not considered as DLT. In case of a DLT, the cohort was
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expanded to six patients. The maximum tolerated dose (MTD) was defined as the
dose level at which none or one out of six patients experienced a DLT with at least
two patients experiencing DLT at the next higher dose level. Safety review meetings
were held for each cohort, before entering the next cohort. Screening assessments
consisted of a complete medical history, current medication history, a complete
physical exam, disease assessment, 12 lead ECG, clinical chemistry, haematology
and urinalysis. At every biweekly visit during the course of the study, a physical
exam, assessment of adverse events, clinical chemistry, haematology and urinalysis
was performed. Tumor assessment was performed before start of the study and every
two months thereafter or at discretion of the investigator. Response was assessed
using the Response Evaluation Criteria in Solid Tumors guidelines (RECIST). [30]
Table 1 | Study Design and Assignment of Patients
Dose of
Cohort

PTK/ZK(daily)

No. of patients
cetuximab
(weekly)†

screened

enrolled*

treated**

DLT

I

750 mg morning dose

250 mg/m2

3

3

3

—

II

1250 mg morning dose

250 mg/m2

5

4

3

—

III

250 mg morning dose

250 mg/m2

10

7

6

1

250 mg/m2

6

4

4

—

500 mg evening dose
IV

500 mg morning dose
750 mg evening dose

†first cetuximab administration after 7 days, preceded by loading dose of 400 mg/m2
*patients screened who met in- and exclusion criteria
**patients who received combination treatment for at least 7 days
Abbreviation: DLT: dose limiting toxicity

Pharmacokinetic Analysis
Blood samples for PK were collected into pre-cooled heparinized tubes at baseline
(after light breakfast) after 20 min, and after 1, 1.5, 2, 4, 6, 8, 24 hours post-dose
of PTK/ZK, on cycle 1 day 7 (pre-cetuximab administration), day 8 (post-cetuximab
administration) and on day 15 (cetuximab steady state). Within 30 minutes, plasma
was prepared by centrifugation (2000 xg, 4°C, 10 min) and stored at -70°C until
analysis. At time of analysis plasma monsters were diluted in blanco human EDTA
plasma. Plasma PTK/ZK concentrations were determined by reverse-phase highperformance liquid chromatography coupled with tandem mass spectrometry (LCMS/MS) according to a validated method. Parameters to be determined were area
under the concentration-time curve from the time of dosing to the last measurable
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concentration, (AUC0-24, calculated by linear trapezoidal summation), maximum
observed plasma concentration (Cmax), time of maximum observed plasma
concentration (Tmax) and the terminal half-life (t ½) using PK solutions 2.0 software
(Summit Research Services). AUC0-24 for the second gift of PTK/ZK (cohort III and IV)
was calculated from data from the first gift by the formula ‘F x Dose = Cl x AUC’ with
the assumption that clearance (Cl) and bioavailability (F) were unchanged.
Biomarker studies
Blood samples for the measurement of circulating endothelial (progenitor) cells
(CE(P)Cs) were collected on cycle 1 day 1 predose (baseline); day 8 predose (t=0)
and t=4 and 24 hrs after cetuximab infusion; and on day 8 predose (t=0) and t=4
and 24 hrs after cetuximab infusion. Mononuclear cells were isolated by means of
a CPT tube of 8 ml (Becton Dickinson). CE(P)Cs were quantified by four color flow
cytometry using CD45, CD31, CD146 and CD133 as surface markers as previously
reported, defining EPC as CD45-, CD31+ and CD133+, CEC as CD45-, CD31+ and
CD146+ and PC as CD133+. [31] It was hypothesized that that combination treatment
with PTK/ZK and cetuximab would stabilize CE(P)C levels. Statistical comparisons
between baseline and subsequent measurements were performed using the Students
t test. All tests were 2 sided. P values lower than 0.05 were considered as statistically
significant (Graphpad prism 4.0 / SPSS version 15).

Results
Patient Population
A total of 24 patients were screened of which 18 patients were enrolled in the
study divided over four different dose escalating cohorts. (Table 1) There were six
screenings failures due to proteinuria (n=2), uncontrolled hypertension, persistent
anemia due to blood loss in the digestive tract, hyperbilirubinemia based on hepatic
involvement and an indication for proton pump inhibitor use due to a gastric ulcer
(all n=1). The median age of the patients was 61 years (range 43-78). Additional
patient characteristics are provided in table 2.

Determination of the recommended dose
Cohort I (750 mg PTK/ZK once daily) enrolled three patients. (Table 1) The combination treatment at this dose level was well tolerated.
Cohort II (1250 mg PTK/ZK once daily) enrolled another three patients. No DLTs
were observed, but a grade 2 proteinuria together with a grade 3 hypertension in
one patient occurred. The event occurred before day 8 and this particular patient
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Table 2 | Patient Characteristics
No.
No. of patients enrolled

18

Sex
Male

10

Female

8

Age (years)
Median

61

Range

43-78

WHO status
0

12

I

5

II

1

Colorectal cancer

10

Primary tumor
Cholangiocarcinoma

1

Pancreatic cancer

1

Bronchus carcinoma

1

Chordoma

2

Breast cancer

1

Ovarian cancer

1

Cervix uteri carcinoma

1

No. of metastatic sites
1

3

2

3

3

4

4

4

5

2

6 or >

2

Prior therapy
Surgery

15

Systemic therapy

18

Radiotherapy

6

No. of prior chemotherapy regimens
1

1

2

6

3

5

4 or >

2

Time from first diagnosis (years)
Median

1,8

Range

0,1-13,1

Abbreviation: WHO: World Health Organisation
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had not received combination treatment. Given that the proteinuria was already
pre-existent at start of study (note to file) and the hypertension was immediately
well managed with antihypertensive treatment these events were both considered
not to be DLTs. This patient was replaced. Taken together, no DLTs were observed at
this dose level.
In cohort III (750 mg PTK/ZK twice daily), initially three patients were enrolled.
No DLTs were observed. However, several likely PTK/ZK-related grade 2 and three
grade 3 adverse events occurred (liver biochemistry disturbances, hypertension
and deep venous thrombo-embolism) just beyond the predefined safety period of
28 days. Therefore it was decided by the investigators to expand this cohort to
six patients. In these additional three patients, one DLT occurred (AST increase
grade 3). One patient with a grade 4 anaphylactic reaction directly after the first
cetuximab infusion was replaced. Additionally, one patient presented with grade
3 acne likely due to incompliance of the patient to recommended dermatological
supportive care. The skin toxicity quickly reversed to grade 1 with structured and
intensive dermatological support. Based on these findings, the investigators decided
that it was safe to enrol patients at the final dose level.
Cohort IV (1250 mg PTK/ZK twice daily) included four patients in total. One
patient with pancreatic cancer withdrew informed consent after 14 days of treatment
because of symptoms of an already pre-existent mood disorder. This patient was
replaced. No DLTs occurred at this dose level. A grade 3 increase in γGT and a grade
3 hyponatriemia and tachycardia (one patient) were observed. However, since these
events were unrelated to the study treatment or already existent at start of study,
they were not considered to be DLTs. The study was terminated at this dose level
because the recommended dose for PTK/ZK from single agent phase I studies was
attained.

Safety and Tolerability
Of all 18 patients assigned to study treatment, 16 patients received combination
therapy and therefore were assessable for safety analysis. Two patients went off
study before or during the first cetuximab administration. Overall, the combination of
PTK/ZK and cetuximab was well tolerated. Drug related AEs (all grades) reported by
more than 30% of the patients were acne (87%), dry skin (81%), fatigue (69%), nausea
(63%), dizziness (50%), vomiting (50%), headache (38%), diarrhea (31%), fissures
of the skin (31%) and hypertrichiosis (31%). Frequencies of treatment related AEs
CTCAE grade 2 and 3 are presented in table 3. Grade 3 toxicity was most frequently
observed in cohort III and IV. During the whole study only one DLT consisting of a grade
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Table 3 | Combination Treatment Emergent Related Adverse Events CTCAE grade 2 and 3
Toxicity grade (No. of patients)†
Grade 2

Grade 3

Cohort

Cohort

I

II

III

IV

total(%)

I

II

III

IV

total(%)

1

–

–

–

1 (6)

–

–

–

–

–

Toxicity
abces
acne

–

–

1

2

3 (19)

–

1

–

–

1 (6)

cardiac ischemia

–

–

1

–

1 (6)

–

–

–

–

–

dizziness

–

1

1

–

2 (12)

–

–

–

–

–

dry skin

1

–

1

–

2 (12)

–

–

–

–

–

DVT

–

–

–

–

0

–

–

1

–

1 (6)

fatigue

–

–

2

1

3 (19)

–

–

–

–

–

headache

–

–

1

–

1 (6)

–

–

–

–

–

hypertension

–

1

–

1

2 (12)

–

–

2

–

2 (12)

nausea

–

–

1

1

2 (12)

–

–

–

–

–

neutropenia*

1

–

–

–

1 (6)

–

–

1

–

1 (6)

proteinuria*

–

1

1

–

2 (12)

–

–

–

–

–

heartburn

–

–

1

–

1 (6)

–

–

–

–

–

rash perianal

–

–

1

–

1 (6)

–

–

–

–

–

transaminitis
(ALT)*

1

1

1

–

3 (19)

1

–

2

–

3 (19)

transaminitis
(AST)*

2

1

2

–

4 (25)

–

–

1‡

2

3 (19)

vomiting

–

–

1

1

2 (12)

–

–

–

–

–

Total AE

6

5

15

6

1

1

6

2

†16

patients assessable for safety analysis
*for laboratory/ metabolic disturbances all emerging AEs are displayed
‡dose limiting toxicity (DLT) for that cohort

3 increase in AST and only one CTCAE grade 4 toxicity comprising an anaphylactic
reaction after cetuximab administration were reported. This anaphylactic reaction
was well controlled with immediate intervention (epinephrine and anti histaminics)
and was undoubtedly cetuximab related. SAEs possibly related to study treatment
consisted of pneumonia and a pneumothorax and resolved well after admission for
intravenous antibiotic treatment and a pleural drainage respectively. Treatment
related skin toxicity (all CTCAE grades) was observed in 15 of the 16 evaluable
patients. These adverse events were mainly classified as CTCAE grade 2/3 and well
manageable with structured and intensive dermatological support. Fatigue was the
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second most frequently reported symptom (69%, CTCAE grade 1 n=8; CTCAE grade 2
n=3), interfering with daily activities while on treatment, but not being a reason to
discontinue study medication. Hypertension occurred in 4 of the 16 patients (25%,
CTCAE grade 2 n=2; CTCAE grade 3 n=2) and was well controlled by a standardized
hypertension management protocol, commencing with a calcium channel blocker
followed, when needed, by a beta blocker or an ACE inhibitor. Dizziness occurred
in 8 of the 16 patients (50%, CTCAE grade 1 n=6; CTCAE grade 2 n=2). The total
reported related adverse events (all CTCAE grades) for the four successive cohorts
were 57, 63, 121 and 80 respectively. The median number of days on treatment
for all 16 patients in the four cohorts was 49 (range 34-214), 134 (range 7-344),
48 (range 6-331) and 46 (range 14-57) respectively. 11 patients discontinued study
permanently due to progressive disease, 4 patients due to toxicity (liver disturbances
n=2, cetuximab related anaphylaxis n=1, pneumothorax n=1) and 1 patient withdrew
informed consent because of multiple toxicity. (Table 4) Dose intensities for both
the study treatments differed slightly between the once and twice daily cohorts
in favour of the once daily regimens. Reductions were equally distributed among
all cohorts and there were no clear differences in dose delays and interruptions
between the once and twice daily dosing regimens and between the two dosage
groups. (Table 4)

Pharmacokinetic and Biomarker studies
Seventeen patients were evaluable for PK analysis. PK profiles composed for PTK/ZK
are shown in Figure 1. PTK/ZK was rapidly absorbed after oral administration with a
Cmax reached in approximately 1 to 2 hours and a mean half life of PTK/ZK of 5 hours.
No significant changes in PTK/ZK exposure upon coadministration with cetuximab
(PK profile day 7 and 8) were observed. Incidental changes observed were of low
magnitude and within the usual range of interpatient variability. At equivalent total
daily doses no statistically significant differences in systemic exposure (AUC 0-24)
for once and twice daily dosing cohorts were observed. There was a statistically
significant difference in Cmax between cohort II and IV on day 7 (p< 0.0017) and day
8 (p< 0.04) (Students T test). No statistically significant differences were found in PK
profiles between day 7 (PTK/ZK only), day 8 (combination PTK/ZK and cetuximab)
and day 15 (steady state cetuximabMeasurements of (circulating) endothelial
(progenitor) cells by flow cytometry analysis showed no significant changes in
endothelial progenitor cell (EPC), circulating mature endothelial cell (CECs) and
progenitor cell levels. There was no correlation found between response to therapy
and levels of (C)(E)(P)Cs. (Figure 2)
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Table 4 | Treatment Administration Summary†
Cohort
I

II

III

IV

750

1250

250

500

500

750

Dose PTK/ZK (mg)
morning
evening
Dose Intensity

(mean)‡
PTK/ZK

0,94

0,88

0,77

0,81

cetuximab

0,94

0,93

0,85

0,72

134 (7-344)

48 (6-331)

46 (14-57)

1

1

0

Days on treatment
median (range) 49 (34-214)
Dose PTK/ZK
reduction♦

0

#

0

2

1

0

temporalily interrupted*

0

2

1

0

permanently interrupted

1

1

5

1

1

4

5

1

delay

reason delay/interruptions
toxicity
logistical

0

1

1

0

hypersensitivity reaction

0

0

1μ

0

reduction♦

0

1

0

0

#

0

2

1

0

Dose cetuximab
delay

temporalily interrupted*

0

3

1

0

permanently interrupted

1

1

4

1

toxicity

1

4

4

1

logistical

0

2

1

0

0

1μ

0

reason delay/interruptions

hypersensitivity reaction

0

† all enrolled patients included in analysis (n=18)
‡ defined as proportion of planned dose to receive and dose received during 2 months of treatment
♦

reduction more than 10%
more than three days
* temporarily interruptions defined as a delay > 3 days
μanaphylaxis to cetuximab
#delay

16

20

3

4
5
hours

6

7

8

AUC0Ͳ24 Cmax
Day7(CV%) 43,6(53) 3,9(60)
Day8(CV%) 52,2(20) 5,2(38)
Day15(CV%) 26,9(41) 2,6(60)

T½
3,9(43)
4,8(64)
6,8(129)

0.0

2

5.0

7.5

10.0

12.5

15.0

17.5

D

2.5

1

day 7
day 8
day 15

T½
8.9 (100)
5.5(65)
7.0(59)

0.0
0

250 and 500 mg

Cmax
10,7(67)
8,6 (37)
7,0(53)

0

0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

AUC0Ͳ24
Day7(CV%) 53,5(23)
Day8(CV%) 45,9(35)
Day15(CV%) 29,9(51)

24

0.0

8 12
hours

2.5

0.0
6

5.0

2.5
4

7.5

5.0

2

10.0

7.5

15.0
12.5

day 7
day 8
day 15

17.5

B

10.0

0

750 mg once daily

12.5

15.0

17.5

1

2

6

8 12
hours

3

4
5
6
hours
AUC0Ͳ24 Cmax

Day7(CV%) 53,1(30) 7,8(8)
Day8(CV%) 38,3(37) 6,1 (37)
Day15(CV%) 46,4(25) 7,5(30)

2

16

24

day 7
day 8
day 15

8

day 7
day 8
day 15

T½
3,3 (18)
4,4(16)
8,3(80)

7

20

T½
3,8(80)
5,3(33)
3,5(52)

Cmax
12,3(13)
11,2(18)
10,1(50)

500 and 750 mg

AUC0Ͳ24
Day7(CV%) 59,6(21)
Day8(CV%) 44,3(23)
Day15(CV%) 62,9(63)

4

1250 mg once daily

Day 7 (after 7 days of PTK/ZK exposure), Day 8 (PTK/ZK and cetuximab), Day 15 (steady state of combination)

D) AUC: area under the curve [mg*h/L]; Cmax: maximum concentration measured [mg/L]; T½: half life [hours]

Figure 1 |Pharmacokinetic analysis for PTK/ZK per cohort: once (A and B) and twice daily dosing cohorts (C and

C

Conc. [mg/ml]

Conc. [mg/ml]

A

Chapter 5117

118Part II

PTK/ZK

PTK/ZK+cetuximab

progenitor cells

endothelial progenitor cells

4

ns

4

ns

D
15

D
15

D
15

D
8

T=

T=
D
8

D
8

PTK/ZK

ba
se
lin
e
D
8
T=
0
D
8
T=
4
D
8
t=
24
D
15
t=
0
D
15
t=
4
D
15
t=
24

0

t=
4

0
t=
24

1

t=
0

1

4

2

t=
24

2

0

3

in
e

3

ba
se
l

D

el
in
e
8
T=
0
D
8
T=
4
D
8
t=
24
D
15
t=
0
D
15
t=
4
D
15
t=
24

circulating endothelial cells

PTK/ZK+cetuximab

PTK/ZK

PTK/ZK+cetuximab

Figure 2 | Measurement of (circulating) (endothelial) (progenitor) cells (C)(E)(P)Cs at
various predefined timepoints by flow cytometry analysis.
Abbreviations: T0: baseline before PTK/ZK and cetuximab administration, T4/24: 4/24 hours after PTK/ZK
administration

Disease Response
Of the 18 patients assigned to study treatment, 14 patients were evaluable
for efficacy analysis. Reasons for invalidity were early discontinuation before
combination therapy was administered due to toxicity (n=2, anaphylactic reaction
and proteinuria) and prematurely discontinuation during combination therapy which
impeded evaluation (n=2, withdrawal of IC and grade 3 transaminitis). All patients
entered into the study had progressive disease at time of enrollment. Clinical benefit
was observed in eight of the 14 assessable patients (57%). SD for ≥ two months was
seen in 7 of the 14 assessable patients (50%) (colorectal cancer N=2, chordoma
N=2, cholangiocarcinoma N=1, breast cancer N=1 and cervix carcinoma N=1) with a
median time on study of 4.5 months (range 2-12). Confirmed and sustained PR (-40%)
with duration of 11.5 months was observed in one patient with colorectal cancer.

Discussion
In phase I/II PTK/ZK or cetuximab single agent trials, treatment was well tolerated.
The MTD for PTK/ZK monotherapy was defined as 1250 mg once daily. Based on these
results and the only marginally overlapping toxicity profiles of the single agents, the
combination of cetuximab and PTK/ZK in escalating cohorts from subtherapeutic to
therapeutic dose was hypothesized to be tolerable and safe. The results from this
current study indeed confirm that combining PTK/ZK to cetuximab in therapeutical
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dosages is a safe and well tolerated combination treatment with possible biological
activity.
The toxicity profile of the combination treatment was mainly consistent with
the toxicity as reported in the previous mentioned single agent trials and consists
mainly of the known toxicities caused by the agents individually with a trend to
complementary frequencies for certain adverse events (acne, fatigue, nausea and
vomiting). [28,29] The combination of PTK/ZK and cetuximab didn’t seem to increase
the severity of these well known toxicities caused by each agent individually.
Hypertension occurred at a frequency one would expect for a VEGF inhibitor of
this class and the occurrence of skin toxicity was slightly increased to observed
frequencies in previous studies with cetuximab. [32-34] Both adverse events could
be well managed with strict and structured intervention protocols and did not
jeopardize therapeutic potential of the treatment. Only one DLT occurred in this
study, in cohort III, consisting of an AST increase. Also the fact that four patients
were on treatment for more than 7 months further endorses the fair tolerability of
the combination. Based on the comparison between the once and twice daily cohorts
for the parameters total reported adverse events, the median days on treatment
and the dose intensities, once daily dosing regimens seemed to be slightly better
tolerated than twice daily regimens. Consistently with previous published studies,
pharmacokinetic analysis revealed no significant changes in PTK/ZK bioavailability
at equivalent total daily doses. [28] As a result, once daily dosing might be preferable
to twice daily dosing.
The study was terminated after dose level four because the recommended doses
for PTK/ZK and cetuximab from single agent phase I studies were attained. No MTD
was defined. As a result, together with the comparisons between once and daily
dosing levels, the optimal treatment regimen for the combination was defined as the
dose level with the predefined maximum combination dosages: PTK/ZK 1250 mg and
cetuximab 250 mg/m2. Consequently, it seems to be appropriate to conclude that
once daily dosing might be preferable to twice daily dosing.
Analysis of endothelial (progenitor cells) (E(P)C) levels showed stabilized levels
during course, possibly suggesting that administration of PTK/ZK might blunt
the expected higher baseline levels in patients with progressive disease. [35,36]
The absence of additional timepoints with PTK/ZK only and the heterogeneous
composition of our small patient population prohibit a definitive conclusion on this
part and the findings should be considered as exploratory. There was no correlation
between disease status or response to therapy and levels of (C)(E)(P)Cs. This was
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largely due to great variability, possibly related to the heterogeneity and the
extensively pretreatment of the study population.
In conclusion this study reveals that dual targeting of the VEGF(R) and EGFR
pathway by means of combining PTK/ZK and cetuximab was well tolerated at relevant
single-agent doses of both agents, and antitumor activity was found in severely
pretreated patients. These results represent a first proof of concept of combining
safely an EGF inhibiting antibody and a VEGFR TKI and support further preclinical
and early clinical research concerning combination of EGFR and VEGF inhibiting
treatment in malignancies although supported by well designed hypertension
management and dermatological care strategies.
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Abstract
Purpose: Hypertension is a commonly reported side effect following administration
of VEGF inhibitors. Cediranib is a highly potent and selective VEGF signaling inhibitor
of all three VEGFRs. This study prospectively investigated hypertension management
to help minimize dose interruptions/reductions to maximize cediranib dose intensity.
Patients and methods: Patients (n=126) with advanced solid tumors were randomized
to one of four groups: cediranib 30 or 45mg/day ± antihypertensive prophylaxis.
All patients developing hypertension on cediranib treatment were managed with a
standardized, predefined hypertension management protocol.
Results: Cediranib was generally well tolerated and all groups achieved high dose
intensities in the first 12 weeks (> 74% in all groups). Antihypertensive prophylaxis
did not result in fewer dose reductions or interruptions. Increases in blood pressure,
including moderate and severe readings of hypertension, were seen early in
treatment in all groups and successfully managed. Severe hypertension occurred in
one patient receiving prophylaxis versus 18 in the non-prophylaxis groups. Overall,
there were 9 partial responses and 38 patients experienced stable disease ≥ 8 weeks.
Conclusions: This is the first prospective investigation of hypertension management
during administration of a VEGF signaling inhibitor. All four regimens were well
tolerated with high dose intensities and no strategy was clearly superior. The current
cediranib hypertension management protocol appears to be effective in managing
hypertension compared with previous cediranib studies where no plan was in place,
and early recognition and treatment of hypertension is likely to reduce the number
of severe hypertension events. This protocol is included in all ongoing cediranib
clinical studies.
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Introduction
Vascular endothelial growth factor-A (VEGF) signaling is considered to be the key
factor involved in tumor-associated angiogenesis. [1] VEGF, primarily through its
interaction with VEGFR-2, is known to induce concentration-dependent vasodilatory
and hypotensive effects on vascular endothelial cells. [2] Conversely, inhibition
of VEGF signaling may induce a hypertensive response. An increased incidence of
hypertension has been reported with cediranib [3] and with other VEGF signaling
inhibitors (sorafenib, [4] sunitinib, [5] vatalanib, [6,7] axitinib [8,9] and bevacizumab
[10]).

Cediranib (RECENTIN™) is a highly potent VEGF signaling inhibitor of all three
VEGFRs and to a much lesser extent of c-Kit and PDGFR-β and -α with a half life
of 20 hours. [11] A recently published preclinical investigation demonstrated that
concomitant antihypertensive therapy can successfully reverse the hypertensive
effects of cediranib treatment. Coadministration of the calcium channel blocker
(CCB) nifedipine successfully reversed significant increases in blood pressure that
were resistant to the angiotensin-converting enzyme (ACE) inhibitor captopril.
Furthermore, concomitant administration of nifedipine did not affect the antitumor
activity of cediranib in a preclinical model. [12] Supported by these preliminary
data, CCBs were employed in this study as the first treatment option for cediranibinduced hypertension.
In the first clinical study of cediranib without a standardized approach to
hypertension management, [3] hypertension was the most common grade 3/4
adverse event (AE) (16%) and there were three reports (4%) of hypertensive crisis
(grade 4 hypertension. The preliminary efficacy results from this study suggested
dose-related reductions in tumor size, although many patients (69%, cediranib
30mg; 87%, cediranib 45mg) were unable to complete 8 weeks of treatment on their
randomized dose often due to the onset of hypertension. The current study (study
codes: 2171L0038; NCT00264004) prospectively investigated whether significant
drug withdrawal during the first 12 weeks of cediranib treatment could be prevented
by early proactive management of hypertension using a standard hypertension
monitoring management protocol employing a stepwise approach to the treatment
of emergent hypertension. This approach might also reduce dose interruptions/
reductions and therefore maximize cediranib dose intensity.
The primary objective was to identify a treatment strategy that was well
tolerated without significant withdrawal or reduction during the first 12 weeks
of cediranib therapy. Secondary objectives included further investigation of
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hypertension management, an evaluation of safety and tolerabilityand a preliminary
estimation of efficacy. The results from additional secondary and exploratory
assessments, including a detailed analysis of safety, pharmacokinetics, biomarkers
and relationships between study parameters will be presented separately.

Methods
Patients
The target population was adult patients with histological or cytological confirmation
of advanced solid tumors refractory to standard treatments or for whom no standard
therapy existed and who were expected to benefit from cediranib treatment.
Patients were required to have ≥ 1 lesions measurable by Response Evaluation
Criteria in Solid Tumors (RECIST [13]), a life expectancy of ≥ 12 weeks and a WHO
performance status of 0–2. The main exclusion criteria were untreated unstable
brain or meningeal metastases; significant hematopoietic, hepatic, gastrointestinal
or renal dysfunction; significant recent hemorrhage or hemoptysis; poorly
controlled hypertension (> 150/100mmHg ± antihypertensives); patients currently
receiving maximal doses of CCBs or > 1 antihypertensive agent for the treatment
of hypertension; concomitant anticancer therapy; and surgery within the previous
2 weeks. The trial was approved by all relevant institutional ethical committeesand
was conducted in accordance with the Declaration of Helsinki. Each patient provided
written informed consent.

Study design
In this phase II, randomized, double-blind, factorial, multicenter study (Figure 1A),
patients were randomized to one of four groups: cediranib 30mg or 45mg per day
with or without antihypertensive prophylaxis. Randomization to dose was blinded,
while randomization to antihypertensive prophylaxis was open. The prophylaxis
groups received a low dose of a CCB 3–7 days before starting cediranib. If blood
pressure (BP) was < 110/70mmHg at screening, the prophylactic regimen started
on the same day as cediranib. All patients developing hypertension during the study
were managed with a standardized, predefined hypertension management protocol
(Figure 1B), commencing with a CCB followed, when needed, by a beta-blocker and/
or an ACE inhibitor.
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Figure 1 | (A) Study design and (B) the cediranib hypertension management protocol
All cases of hypertension during the study were managed according to the cediranib hypertension management
protocol
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Analysis of hypertension management strategies
The effectiveness of each group to adequately control hypertension was measured
using two co-primary variables: (1) the proportion of patients requiring temporary
(> 1 day) or permanent cediranib withdrawal prior to progression and within 6 or 12
weeks; and (2) dose intensity (proportion of planned dose received during the first
12 weeks).
Further investigation of the management of emergent hypertension included
standardized measurement (after 5 minutes rest, supine position, identical arm)
of changes in BP (at screening, week 1 (days 1 and 7), week 2 (day 14 every hour)
and every 2 weeks thereafter), 24-hour ambulatory BP monitoring at home (day -1
and day 1) and while resident in hospital (day 14) and BP measurements recorded
twice daily at home, reported instantly via an interactive voice response system.
Concordance between the clinic and home BP measurements was also assessed.

Safety and tolerability
Vital signs, including BP, were measured throughout the treatment period. AEs were
recorded throughout the study and graded according to the National Cancer Institute
Common Terminology Criteria version 3.0.

Tumor response evaluation
Baseline imaging was performed ≤ 3 weeks before study treatment commenced.
Tumor size was evaluated at week 8 and every 8 weeks thereafterand classified
according to RECIST.

Statistical analyses
As the aim of the statistical analysis was to inform decisions on cediranib dosing
and hypertension management in phase III studies, the primary analysis focused
on the within-groups differences rather than formal statistical comparisons or
testing between groups. The information obtained from the primary endpoints and
secondary endpoints was used to provide recommendations on cediranib dosing and
hypertension management strategy. 90% confidence intervals (CIs) were produced
within each randomized group for the primary and key secondary variables according
to Newcombe [14,15] and Wilson. [16] Within a randomization group, n=30, an
observed proportion of 10% of the patients requiring cediranib withdrawal would
have a 90% CI of 4–23%; an observed proportion of 30% of the patients would have
a 90% CI of 18–45%. The total estimated sample size was therefore 120 patients.
The intent was to evaluate a range of outcome variables related to dosing and
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BP to identify whether one treatment strategy (cediranib dosing and hypertension
management) showed improvement across the variables (eg fewer withdrawals and
higher dose intensity) than the other treatment groups.

Results
Patients
A total of 126 patients were recruited into the study (Table 1, Figure 2).
Table 1 | Patient demographics and baseline characteristics
Cediranib 30 mg

Cediranib 45 mg

With antihypertensive
prophylaxis
(n=30)

Without antihypertensive
prophylaxis
(n=32)

With antihypertensive
prophylaxis
(n=30)

Without antihypertensive
prophylaxis
(n=34)

60 (32–69)

52 (24–76)

59 (32–72)

57 (26–69)

Male/female

18/12

16/16

17/13

9/25

Race, Caucasian/other

28/2

32/0

29/1

33/1

Colorectal

5

4

6

6

Renal

3

5

4

3

Skin/soft tissue

2

5

2

2

Pancreas

3

3

1

3

Breast

2

2

2

3

Lung

1

1

5

2

Esophagus

2

1

2

2

Other

12

11

8

13

5

6

6

8

Age, median (range)

Primary tumor type

Patients already
receiving antihypertensive medications at
baseline

*Patients could be on more than one treatment; ACE, angiotensin-converting enzyme;
CCB, calcium channel blocker
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Figure 2 | Patient disposition

Analysis of hypertension management strategies
Drug exposure
Cediranib was generally well tolerated and all groups achieved high dose intensities
in the first 12 weeks (> 74%; Figure 3A). The groups receiving cediranib 30mg had
the lowest proportion of patients with temporary or permanent withdrawal at both
6 and 12 weeks (Figure 3B) and the highest dose intensity. However the mean daily
dose was higher for the 45mg groups (~38mg/day) than the 30mg groups (~27mg/
day). Prophylaxis did not seem to have a consistent effect on dose intensity or
proportion of patients requiring temporary or permanent withdrawal.

Blood pressure changes
There was an increase in mean systolic BP (SBP) and diastolic BP (DBP) clinic
readings between days 1–7 in all groups (Figure 4A). Following day 7, BP stabilized
with no significant increases thereafter; mean values remained above the baseline
level in all groups. Mean changes in SBP and DBP were similar across the groups.
Throughout the first 12 weeks of treatment the mean and 90% CIs did not increase
above 141/90mmHg for SBP/DBP.
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Figure 3 | A: Proportion of dose received during the first 12 weeks of therapy. B: Patients
requiring temporary or permanent withdrawal at 6 (▪) and 12 (●) weeks. Bars represented
90% upper and lower confidence limits

Ambulatory BP recordings over a 24-hour period (days -1, 1 and 14) showed an
increase in mean BP as early as day 1. Findings were broadly similar across all groups
(Figure 5). BP levels were generally highest between 4–8pm.
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Figure 4 | Average clinic blood pressure readings, ITT analysis set. Bars represent 90%
upper and lower confidence intervals.

BP was recorded twice daily at home by the patients. Home BP data showed
an increase from days 1–5 and was similar in all groups. After day 5, mean values
obtained from home BP recordings appeared to stabilize with no significant
increase in any group and no apparent differences between groups. Daily home
BP measurements were found to correspond with BP results obtained during clinic
visits by healthcare professionals on approximately 50% and 70% of occasions for SBP
and DBP, respectively (concordance was defined as a difference of ≤ 10mmHg). For
high BP measurements, home and clinic measurements were discordant (ie, clinic ≤
150/100mmHg and home > 150/100mmHg or vice versa) on 6% of occasions.
The proportion of patients developing a BP reading of mild or moderate
hypertension (BP 140/90mmHg, or, increase in DBP >20mmHg or ≥ 100mmHg or
increase in SBP to ³150mmHg) was similar across all groups (52% overall, range 35–
68%). The majority of first episodes of moderate hypertension (~90%) occurred within
the first 6 weeks of treatment. The overall number of patients with normotensive
status in the study was 32% (range 29–35%).
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Figure 5 | 24-hour ambulatory blood pressure, ITT analysis set. The number of patients
in each group is shown in brackets in the key.

Overall 19 patients developed a BP reading fulfilling the predefined definition
of severe hypertension (SBP ≥ 180mmHg, or, DBP ³110mmHg); only one patient
receiving antihypertensive prophylaxis (1/54) compared with 18 patients in the nonprophylaxis groups (18/65). The proportion of patients with severe hypertension
readings was balanced between the two doses. The median time to onset of severe
hypertension was 7 days (range 1–267) and the majority (14/19) occurred within
the first 15 days of cediranib treatment. In all 19 patients, the severe hypertension
was successfully managed using the hypertension management protocol; no patients
discontinued from the study as a result of the BP reading and no patients reported
any hypertension-concurrent or -associated cerebrovascular, cardiovascular or
neurological AEs. In 13/19 patients no change to cediranib treatment was required
during the study. Four patients had a dose pause, one patient a dose reduction and
one patient both a dose pause and reduction as a result of hypertension during
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the study. Serious AEs (SAEs) of hypertension were reported in 3/19 patients. The
medical history and demographic characteristics of these patients were evaluated
but no risk factor for developing severe hypertension could be identified apart from
use of antihypertensive agents at baseline. Detailed assessment of the 18 patients
who were not randomized to receive antihypertensive prophylaxis showed that
before developing severe hypertension reading, eight (44%) had already commenced
antihypertensive treatment because of BP increases from baseline that met the
hypertension management protocol entry criteria but were not classed as severe
hypertension. In nine patients (50%) antihypertensive treatment was commenced (or
altered for the patient already on antihypertensive medication at baseline) at the
same time as the severe reading occurred. It is considered possible that prophylaxis
may have prevented the severe readings in these 18 patients. In the majority of the
patients (15/19), a retrospective assessment showed that either a home BP reading
on days 1–3 or an ambulatory measurement on day 1 met the criteria for entry into
the hypertension management protocol. It is not possible to determine whether
intervention with antihypertensive treatment at that time may have prevented the
development of severe hypertension.

Safety and tolerability
The frequency of dose reductions and withdrawals due to AEs were comparable
between the prophylaxis and non-prophylaxis groups. The AE profile was consistent
with previous studies. [3,17,18] Detailed safety and tolerability findings will be
presented in a separate publication. Briefly, the most common AEs were diarrhea
(76%), hypertension (71%), fatigue (66%), dysphonia (57%), anorexia (40%), nausea
(39%), stomatitis (35%) and vomiting (27%). Overall, there was no apparent
difference between the groups in the reporting of hypertension with the exception
of the cediranib 30mg non-prophylaxis group where 57% of patients experienced
hypertension compared to 73–77% of patients in the other groups. Hypertension
was the most common grade 3 AE; there were no reports of grade 4 hypertension.
Hypertension was also the most common SAE overall occurring in 10–15% of patients
in all groups with the exception the cediranib 45mg prophylaxis group where there
were no hypertension SAEs. All SAEs of hypertension for patients on antihypertensive
medication at baseline were in the non-prophylaxis groups. For patients not receiving
antihypertensive medication at baseline, the proportion of patients with SAEs of
hypertension did not differ between the non-prophylaxis and prophylaxis groups.
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Tumor response evaluation
Cediranib treatment demonstrated evidence of antitumor activity irrespective of
dose and prophylaxis. Objective response and stable disease rates were similar
across the groups. Nine patients achieved a partial response in the following tumor
types: breast (3/9), melanoma (2/8), sarcoma (1/2), renal (1/15), prostate (1/2),
cervical (1/3). In addition there were 38 patients who experienced stable disease (≥
8 weeks). Reductions in tumor size were observed in all groups (Figure 6).

Figure 6 | Best change in tumor size (each bar represents one patient). The dashed lines
represent the boundaries for progressive disease (20%) and partial response (–30%). To
count as a partial response in the objective response rate, partial responses needed to
be confirmed at least 28 days later.

Discussion
This prospectively randomized study to investigate hypertension management during
administration of cediranib showed that no single treatment strategy (consisting
of cediranib 30 or 45mg with or without antihypertensive prophylaxis) emerged
overall as clearly better in reducing withdrawals from cediranib treatment; all arms
were generally well tolerated with high dose intensities. The general AE profile was
consistent with previous studies of cediranib. Encouraging evidence of antitumor
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activity was seen with no apparent effect of cediranib dose or antihypertensive
prophylaxis on tumor response. The results suggest the current hypertension
management protocol is effective at managing cediranib-induced hypertension. This
protocol is included in all ongoing cediranib clinical studies.
Hypertension is emerging as a class effect associated with agents that target the
VEGF/VEGFR signaling axis. [19-21] This is not unexpected given that both VEGFdependent and -independent (ie, shear stress) activation of VEGFR-2 can increase
the production of nitric oxide (NO) and prostacyclin in vascular endothelial cells.
[22,23] Inhibition of these vasodilatory mechanisms would be expected to increase

peripheral vascular resistance and therefore BP. Other potential hypotheses for
the development of hypertension during treatment include enhanced secretion
of endothelin-1, a potent vasoconstrictor peptide, from endothelial cells, [24] or
rarefaction (ie, a reduced number of microvessels) resulting in increased peripheral
resistance. [25] However, endothelin-1 is more likely to influence local vascular
beds than systemic BP and rarefaction cannot explain the relatively rapid systemic
changes in BP that can occur with agents such as cediranib. [3,26] It is also likely
that the renin-angiotensin system is physiologically downregulated in response to
hypertension induced by VEGFR tyrosine kinase inhibitors. [27,28] While clinical
reports show that most patients receiving a variety of anti-VEGF therapies respond
well to standard antihypertensive drugs, a significant number of patients have
developed hypertensive conditions that are resistant to these standard agents even
when combinations of three or more drugs have been used. [9,29] Although many
reports have been published regarding emergent hypertension during treatment with
VEGF signaling inhibitors, the exact molecular mechanism behind the development of
hypertension has not yet been elucidated. Based on this incomplete preclinical and
clinical evidence, it can be hypothesized that agents with mechanisms that are not
effective via homeostatic physiological processes, such as CCBs, might therefore be
a suitable first-line antihypertensive treatment for patients who develop cediranibinduced hypertension.
As expected for this class of agentsand as seen in previous studies with cediranib,
[3] the majority of patients developed BP increases in this study. Irrespective of dose

and prophylaxis, BP changes were seen from day 1 onwards reaching a stable abovebaseline level after 7 days. Furthermore, antihypertensive prophylaxis resulted in
fewer cases of severe hypertension (as measured by a difference in BP readings
between the prophylaxis and non-prophylaxis groups) in this study, although this
did not translate into a difference between the prophylaxis and non-prophylaxis
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groups for average BP levels, dose intensity and the proportion of patients with dose
interruptions/discontinuations or AEs of hypertension.
The routine use of home BP monitoring has been recommended for patients
treated with sunitinib (an inhibitor of multiple tyrosine kinases) to aid early
detection and accurate assessment of BP changes. [30] In the present study multiple
BP measurements including twice-daily home and 24-hour ambulatory BP recordings
were included to gain as much information as possible regarding treatment-induced
hypertension and its management. Home BP measurements corresponded moderately
well with results obtained during clinic visits and appeared to be reliable in assisting
with BP monitoring, especially for patients with high BP readings. This approach
may be a useful addition if more frequent BP monitoring is deemed necessary for
particular patients. BP measurements taken in the afternoon/early evening may
also be useful as ambulatory BP monitoring showed that on-treatment readings were
highest at this time of day following cediranib dosing in the morning.
Overall the hypertension management protocol, which treats emergent
hypertension in a proactive, stepwise fashion, appears to be effective in managing
cediranib-induced hypertension resulting in a reduction of severe manifestations of
hypertension with no serious sequelae, eg hypertensive crises, reported. Compared
with a phase I assessment of cediranib monotherapy, [3] the overall incidence of
discontinuations and dose reductions/interruptions due to hypertension was reduced
in all groups. Furthermore, the phase I assessment of cediranib monotherapy
demonstrated a statistically significant difference in change from baseline in BP
between cediranib 30 and 45mg (P=0.02). The current study showed no difference
between the groups. The percentage of patients who completed 8 weeks of
cediranib 30mg and 45mg treatment was 31% and 13%, respectively in the first phase
I assessment compared with 59% and 48%, respectively in the current study. The
hypertension management protocol is currently included in all ongoing cediranib
clinical studies and was employed in a recently reported study of cediranib with
carboplatin and paclitaxel in patients with advanced non-small-cell lung cancer.
[31] Although this study did not specifically evaluate the use of the hypertension

management protocol, the investigators found that the protocol greatly facilitated
the management of hypertension. The use of antihypertensive prophylaxis is
not routinely incorporated into cediranib protocols as it is considered that early
detection of BP increases and proactive management of emergent hypertension will
allow patients to be effectively managed in the clinic. This study has resulted in the
addition of a BP measurement in the first 3 days of cediranib treatment to facilitate
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the detection of early BP increases and allow antihypertensive treatment to be
commenced early with the aim of minimizing subsequent BP increases.
The hypertension management protocol appears to be effective in managing
cediranib-induced hypertension. Rigorous monitoring of BP during the first weeks
of cediranib treatment and early intervention with antihypertensive therapy is
likely to be helpful in optimizing the management of hypertension in patients taking
cediranib.
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Abstract
Background: Circulating endothelial (progenitor) cells (CE(P)Cs) are believed to be
a potential biomarker for the management of anti-angiogenic treatments in cancer.
However, the lack of consensus on the appropriate method of CE(P)C enumeration
resulted in conflicting data. Therefore, methodological validation of already existing
assays is needed. We critically evaluated repeatability, accuracy and stabilization of
all flow cytometry analyzed samples in our center.
Methods: CE(P)Cs were measured as part of clinical studies in 88 patients and 25
healthy volunteers (475 samples). Mononuclear cells were isolated from whole
blood, frozen in RPMI/DMSO and CE(P)C numbers were determined in duplo by
flow cytometry . The repeatability and accuracy of the duplo’s was tested by Bland
Altman, Pearson correlation and linear regression analysis. Stability of the assay was
tested by comparison of two baseline samples taken 7 days apart from each other
(Pearson correlation and linear regression analysis).
Results: For both CEC and EPC duplo measurements Bland Altman analysis showed a
good repeatability and high accuracy of the assay (Pearson R2:0.7 CEC and EPC) with
points very well approximating the line of equality. Stabilization of the assay over
time was very well for CEC (R2:0.77) but was less convincing for EPC enumeration
(R2:0.13)
Conclusion: CE(P)Cs enumeration by flow cytometry analysis, is a relatively reliable,
stable and accurate method. Preferably, in order to be able to draw definite
conclusions about the most proper method of CE(P)c enumeration, other methods of
enumeration should be validated as well by a comparable approach.
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Introduction
Circulating endothelial (progenitor) cells (CE(P)Cs) are thought to play an important
role in the angiogenesis driven process of tumor growth . Although there is no general
agreement on the relative contribution of these cells to tumor growth, it is univocally
demonstrated in preclinical models that these cells are involved in primary tumor
growth, recurrence, or metastasis formation. [1-7] To date, the benefit of agents
inhibiting angiogenesis via inhibition of VEGF, has been shown in several phase II
trials and has resulted in the implication of several of these treatments in the daily
oncological practice. [8-13] Furthermore, it has recently been shown that certain
anti-cancer treatments can evoke a release of EPCs from the bone marrow, resulting
in a reduced response or even resistance to those therapies. [14,15] Interestingly, the
release of EPCs could be prevented by the addition of a VEGFR or CXCR-4 inhibiting
agent. CE(P)Cs also reflect the angiogenic activity of a tumor and are therefore
believed to be a potential biomarker that can aid clinicians in the management of
patients treated with antiangiogenic agents. Such a biomarker is highly needed since
it is still difficult to define the optimal biological dose for new anti-angiogenic drugs.
These agents may lack dose limiting toxicities (DLTs) which are normally used to
determine the maximal tolerable dose (MTD) and may have significant therapeutic
activity at doses below MTD and have a low frequency in objective responses. Besides
that response evaluation based on change in tumorsize (the RECIST criteria) fails to
fully cover the effectivity of the new agents. [16] Together with the biological role
of CE(P)Cs in tumor growth as described above, CE(P)C fulfil many of the criteria to
serve as a potential prognostic or predictive biomarker. Recently, it is demonstrated
that in glioblastoma multiforme patients the levels of EPCs correlate with prognosis
and aggressiveness of the disease. [17] However, to be able to validate CE(P)C as a
biomarker, a reliable method to enumerate CE(P)Cs is essential.
In the past, a multitude of methods for enumeration of endothelial cells have
been proposed and some of them are already properly methodologically validated.
Amongst those are the magnetic bead assay as proposed by Beerepoot et al, the RT PCR
as proposed by Mehra et al, the automated immunomagnetic isolation (immunicon®)
and flow cytometry analysis. [15,18-23] However, with exception of the RT-PCR assay,
these techniques are mainly focused on and validated for the detection of circulating
mature endothelial cells. In addition, these techniques require immediate analysis
of the samples possibly resulting in interassay variability amongst the samples in the
same patient series. Furthermore, selection or identification of cells is made upon
merely one to two markers, in contrast to flow cytometry.
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Presently, flow cytometry is emerging as the method of choice for measuring
many cell functions and characteristics and provides the possibility to absolutely
enumerate amounts of cells in preclinical and clinical models. [23-26] Using a
multicolour flow cytometry protocol adapted from Duda et al and Mancuso et al, our
group has established a cell surface identification for CECs (CD45-, CD31+, CD146+
and CD133-) and EPCs (CD45-, CD31+, CD146- and CD133+) by which we are able
to detect and quantify CE(P)Cs in peripheral blood of cancer patients and healthy
volunteers. [21,23] A great advantage of this method is that after collection of the
blood, we freeze the isolated mononuclear cells. As a result, multiple time points
of one patient series can be analyzed all at once at a convenient timepoint thereby
minimizing interprocedure variability.
However, enumerating EPCs by flow cytometry has also received significant
criticism as these cells just make up a minute fraction of the human peripheral
blood, absence of standardized definitions of the phenotype of the cells of interest
–possibly due to the dynamical function of the endothelium- and lack of proof of
true endothelial origin of these cells. [27] As a result there is need for validation and
critical reflection of already existing methods to detect these cells in a reliable way
in which interprocedure, intrapatient and interpatient variability is minimized.
This manuscript provides a critical appraisal of our method to measure levels of
endothelial (progenitor) cells in peripheral blood of patients by means of four colour
flow cytometry, followed by a review of the results of several validation methods
applied on this assay. Finally the challenges of this assay will be further discussed.

Methods
Procedure enumeration CE(P)S
Collection and storage of samples
475 blood samples from various kinds of patients with metastatic disease (375
samples) and of healthy volunteers (100 samples) were taken on predefined
timepoints and immediately transferred to the laboratory. The mononuclear cell
fraction is isolated from whole blood using a cell preparation tube with a density
gradient gel (8 ml CPT tube, BD Biosciences). After centrifugation at 1600 g at room
temperature, the peripheral mononuclear cells (PBMCs) situated above the density
gradient gel, are isolated and frozen in RPMI 1640/ 10% DMSO/ 20% Fetal Calf Serum
in a freezing container ensuring a controlled 1°C/min cooling rate for a -1°C/minute
cooling rate (Mr. Frosty, NALGENE). After two hours the vials are replaced and stored
in -80°C freezers until further analysis.
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Samples collected at other sites were stored under identical conditions and were
sent on dry ice to the Analysis Center as soon as the analysis started.

Thawing and immunostaining
In order to minimize interassay variability, for each patient all samples (baseline
and subsequent follow-ups) were thawed and analyzed at the same day as soon
the sampling series is completed. Samples are preferably stored for less than 12
months. The series of frozen samples are cautiously thawed in ice cold FACS washing
buffer (phosphate buffered 0.9% saline, 1% BSA and 5 mM EDTA). The mononuclear
cells are washed two times at 4°C at 450 g for 10 minutes in FACS washing buffer. In
between the centrifugation steps, the cells are carefully resuspended. After the last
washing step, the sample is divided in two (duplo’s) and the cells are resuspended
to an endvolume of 200 μl. To this volume, 5 μl peridin chlorophyll protein (PerCP)conjugated anti CD45 (Becton Dickinson), 1 μl isothiocyanate (FITC)- conjugated anti
CD31 (Becton Dickinson Pharmingen), 1 μl phycoerythin (PE) -conjugated anti CD146
(MAB 16985H, Chemicon International), and 2 μl allophycocyanin (APC)- conjugated
CD133 (Miltenyl Biotec) are added. The samples are incubated with the antibodies
for 30 minutes in the dark at 4°C. Each sample is stained with appropriate isotype
controls to exclude atypical binding/staining.
Immortalized human microvascular endothelial cells (HMEC-1) and human
teratocarcinoma (NT2) cells are used as positive controls for CD146 and CD133
respectively. After the staining procedure, the samples are washed two times in ice
cold FACS washing buffer at 450 g for 5 minutes in a cooled (4°C) centrifuge.

Flow cytometry analysis
The prepared samples are analyzed by fluorescence-activated cell sorting (FACS) on
a four colour flow cytometer (Becton Dickinson FACS calibur). Analysis is supported
by the Cell Quest (Becton Dickinson) acquisition software. Accurately defined gates
were used to exclude platelets, dead cells, and debris as shown in figure 1. Preceding
to the patient sample analysis, positive and negative control samples are analyzed
in order to minimize background staining and to confirm the activity of the used
antibodies. Cells of interest are defined as CD45-, CD31+, CD146+ and CD133- for
CECs and CD45-, CD31+, CD146- and CD133+ for the EPCs. All samples are analyzed
for at least 3 minutes or until 400.000 cells in the life gate are counted. Analyses are
considered as informative when adequate numbers of gated events (i.e., > 100.000)
were collected. All samples are measured in duplo.
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Data interpretation
CEC and EPC were calculated to the number of cells per mL blood using the
mononuclear cell count of the original sample determined automatically by the
Central Diagnostic Laboratory on the same timepoints. Finally, the mean of the two
duplo measurements is considered as the measured value for that time point.

Figure 1 | Schematic representation of flow cytometry method. A: Debris, dead cells

and double cells are excluded from analysis by means of a forward-sideward scatter
plot. B1: The single viable mononuclear cells (Region 1, R1) are gated into the next
plot in which cells are selected for CD45 negativity and CD31 positivity (region 2,
R2). C1: CD45-, CD31+ cells are gated in CD133/CD146 plot, in which is selected
for CEC (CD146+, CD133-) and EPC (CD146-, CD133+) B2 = B1, C2=C1: true data
presentation.

Statistical validation of procedure
In total 475 bloodsamples were analyzed, of which 375 samples were taken from
metastatic cancer patients and 100 samples from healthy volunteers. Patients (n=88)
suffered from various forms of metastasized solid tumors and were analysed in the
context of several phase I studies. Healthy volunteers (n=25) were subjects without
known illness of known history of malignant disease. All subjects provided written
informed consent conform to a clinical protocol, approved by the local Medical
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Ethical Committee. Samples were taken before the start of therapy (baselines) and
during therapy (phase I treatment/ radiofrequency ablation in cancer patients, and
G-CSF administration to healthy volunteers) All samples were measured in duplo.

Repeatability of the assay: Bland Altman analysis
We analysed the robustness of the assay by means of testing the agreement
between the two duplo CE(P)C measurements by Bland Altman analysis. This analysis
shows the agreement between two separate measurements, represented as the
differences of the measurements expressed as percentage of the averages of the
measurements. The upper and lower limit of agreement is represented by the 95%
confidence intervals or 1.96* standard deviation of the mean of the differences. The
bias represents the mean of the differences.

Intraprocedure variability: Accuracy analysis
We tested for accuracy of the two duplo measurements by correlation analysis
(Pearson correlation analysis). As a high correlation does not automatically imply
that the two methods provide an almost identical outcome, also a linear regression
analysis was performed and was incorporated in the interpretation. The correlation
coefficient was calculated and the approximation of the measurements to the line
of equality (measurement A= measurement B) was estimated.

Stabilization analysis
We tested for stabilization by correlation analysis (Pearson correlation analysis)
of two baseline measurements taken maximum 7 to 14 days apart from each
other in 31 patients. Within this time period of seven days there were no medical
interventions. The correlation coefficient was calculated and the approximation of
the measurements to the line of equality (measurement A= measurement B) was
estimated.

Results of statistical validation of procedure
Mean baseline CEC levels were 2130 ± 1079 (confidence interval (CI) 95% 1686-2540)
cells/ml (baseline samples healthy volunteers, n=25), 3435 ± 7600 (CI 95% 18205050) cells/ml (baseline samples cancer patients, n= 88). Mean baseline EPC levels
were 63 ± 71 (CI 95% 34-90) cells/ml (healthy volunteers) and 63 ± 98 (CI 95% 42-83)
cells/ml (cancer patients). For CEC numbers, these differences were statistically
significant (p< 0.0001, paired Students T test). (Figure 2)
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Figure 2 | Baseline values of CEC and EPC numbers in healthy volunteers (n=25) en
cancer patients (n=88) expressed in absolute values and means (bars). (Paired Students
T test)

Repeatability of the assay
The upper and lower limits of agreement were -130 to 94% and -208 to 188% for CEC
and EPC respectively. Most of the measurements were located in between these
limits. Biases (means of differences) were -18 ± 57 (CEC) and -10 ± 101 (EPC). (Figure
3) These results are suggestive for a very good and moderate good agreement
between the duplo measurements for CEC and EPC, respectively. The funnel shaped
trend of the clouds towards the x-axis represents higher agreement as the cell
counts increase.

Figure 3 | Analysis of agreement of two duplo measurements (n=474) by Bland Altman.
Each dot represents the mean of the difference between the two duplo measurements
versus the percentage difference of the means. Upper/lower limits of agreement (grey
area) represent the 95% CI interval or 1.96 X SD of the percentage difference. Dashed
bars represent mean of difference (bias).
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Intraprocedure variability: Accuracy analysis
As the majority of the measurements approximated the line of equality (ideal
situation A=B, slope is 1), the measurements are very accurate for both CEC and
EPC measurements (Figure 4). R2 represents correlation coefficient and was 0.70 for
both CEC and EPC measurements, which represents a very strong correlation. The
equation based on linear regression analysis showed best fit lines with slopes of 0.88
and 0.76 for CEC and EPC respectively.

Figure 4 | Accuracy analysis by correlation analysis (Pearson) of two duplo measurements
(n=474) (A and B) of 1 sample for both CEC and EPC measurements. Gray line represents
line of equality (ideal situation A=B, slope is 1). R2 represents correlation coefficient and
equation based on linear regression analysis.

Stabilization analysis
Over time, for the CEC measurements a very good correlation was found between
baseline 1 and 2 (r: 0.88, R2: 0.77). In addition, the points very well approximated
the line of equality. (Figure 5) For the EPC measurements, this correlation was less
convincing (r: 0.36, R2: 0.13).

Conclusion and challenges
We represent a method/protocol for CE(P)C enumeration here, resulting in a specific
identification of CE(P)Cs based on flow cytometry analysis. The major advantage
of this method is that interprocedure and intrapatient variability is minimized by
immediate and standardized storage procedures and all-at-once analysis as soon
as the sample-series is completed. We critically revised the results of CE(P)C
enumeration of 475 samples by flow cytometry analysis, performed in our center.
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The majority of these samples were taken from cancer patients (375 samples). Our
statistical analysis shows that for CEC measurements the procedure is very well
repeatable (Bland Altman analysis) and very accurate (Pearson correlation of duplo
measurements). In addition, as the baseline measurements taken 7 days apart
nicely equalize, the stabilization over time in these measurements is demonstrated.
This illustrates that despite the facts that i) CEC enumeration is a “rare event”
measurement, ii) flow cytometry involves an experience requiring procedure, and
iii) PBMC are fragile cells, the intraprocedure and intrapatient variability is very well
acceptable.

Figure 5 | Stabilization analysis by correlation analysis (Pearson) of two baseline
measurements (1 and 2) (n=31) taken maximum 7 to 14 days apart from each other for
both CEC and EPC measurements. Gray line represents line of equality (ideal situation
A=B, slope is 1). R2 represents correlation coefficient and equation based on linear
regression analysis.

In addition, we show that, although in a lesser extent, EPC measurements are also
robust and accurate. Stabilization over time was less well established, probably due
to progression of the disease or changes in endothelial dynamics due to other factors.
Because of the nice correlation between the EPC duplo measurements, this variation
is less likely caused by lack of specifity as a result of rare event measurement.
In agreement with other reports in literature, we found a clear and very significant
difference in CEC numbers between cancer patients and healthy volunteers. [22,2830] Strikingly, we did not find a difference in baseline EPC numbers between cancer

patients and healthy volunteers, as suggested by others in literature. [19] This might
be due to differences between the patient populations.
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As reflected by the wide confidence intervals of the mean baseline EPC and CEC
values the interpatient spread is considerable. This prohibits the use of reference
values which in turn leads investigators to use “percentage change” as an outcome
measure. However, this may confound findings because the absolute CE(P)C numbers
most likely reflect their biological activity. As this biological implication is getting
more and more established, we recommend using absolute numbers as an outcome
measure.
Lately, much reserve has been expressed towards CE(P)C enumeration by flow
cytometry analysis. [27] The major concern is the inability to exactly identify the
‘endothelial progenitor cell’. [20,31,32] This problem is reflected in the fact that
several research groups report CEC levels in healthy and cancer subjects in very
different ranges. [33] This controversy could be very well caused by different methods
of enumeration, but could also be an expression of differences in identification of
cells of interest. Although it was not the purpose of our reflection to address the
identification issue, characterization of the origin of these cells is of great biological
importance. Recently it was shown that CE(P)Cs play an important role in tumor
biology and therefore could not only serve as a surrogate biomarker, but also as a
target for therapy. [15] Assessment of the age of the cells, activation state, viability
status and more insight into the dynamical function of the endothelium might further
help in characterization of these cells. Although in literature already several efforts
have been made to demonstrate the real endothelial origin and viability of these
cells: syto 16 and 7AAD nuclear staining, demonstration of Weibel Palade bodies by
electromicroscopy, measurement of VE Cadherin gene expression and measurement
of UEA-1 and DIL Ac-LDL, controversy still exists. [23,27]
In conclusion, this is the first report in which is demonstrated that CE(P)Cs
enumeration by a complex assay such as flow cytometry analysis, when elaborated
in a good and standardized manner is a relatively reliable, stable and accurate
method. Preferably, in order to be able to draw definite conclusions about the most
proper method of CE(P)c enumeration, other methods of enumeration should be
validated as well by a comparable approach. Further modifications of the protocol
regarding the revelation of the identity of these cells might be preferable in order
to get more informed about the true origin of these cells.
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Abstract
Purpose: We and others have previously demonstrated that the acute release
of progenitor cells in response to chemotherapy actually reduces the efficacy of
the chemotherapy. Here, we take these data further and investigate the clinical
relevance of circulating endothelial (progenitor) cells (CE(P)C) and modulatory
cytokines in patients after chemotherapy with relation to progression-free and
overall survival (PFS/OS).
Patients and methods: Patients treated with various chemotherapeutics were
included. Blood sampling was performed at baseline, 4 hours, 7 and 21 days after
chemotherapy. The mononuclear cell fraction was analyzed for CE(P)C by FACS
analysis. Plasma was analyzed for cytokines by ELISA or Luminex technique. CE(P)C
were correlated with response and PFS/OS using Cox PH regression analysis.
Results: We measured CE(P)C and cytokines in 71 patients. Only patients treated
with paclitaxel showed an immediate increase in EPC 4 hours after start of
treatment. These immediate changes did not correlate with response or survival.
After 7 and 21 days of chemotherapy, a large and consistent increase in CE(P)C was
found (p<0.01), independent of the type of chemotherapy. Changes in CE(P)C levels
at day 7 correlated with an increase in tumor volume after 3 cycles of chemotherapy
and predicted PFS/OS, regardless of the tumor type or chemotherapy.
Conclusion: These findings indicate that the late release of CE(P)C is a common
phenomenon after chemotherapeutic treatment. The correlation with a clinical
response and survival provides further support for the biological relevance of these
cells in patients’ prognosis and stresses their possible use as a therapeutic target.
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Introduction
In the past years the concept of angiogenesis has evolved from a simple model of the
formation of new blood vessels from the pre-existing vasculature into a multi-faceted
process in which, beyond local activation and division of endothelial cells, bone
marrow-derived endothelial progenitor cells (EPC) contribute to neovascularization.
It was postulated that EPC are mobilized from the bone marrow into the circulation
and subsequently home to sites of tumor neovascularization, where they differentiate
into endothelial cells and contribute to angiogenesis. [1,2,3] However, controversy
exists on the relative contribution of the EPC to the tumor vasculature, varying
from < 1% up to > 50%. [1,4-12] Whereas the bone marrow does not seem to play
an important role in supporting unperturbed tumor growth, an immediate and very
effective release of progenitor cells is seen when the tumor or system is provoked
by stress signals such as surgery or chemotherapy. [14,15,16] Recently, it was shown
that EPC egress the bone marrow and home to the tumor immediately after certain
types of chemotherapy, predominantly paclitaxel. EPCs are mobilized from the
bone marrow and home to sites of tumor neovascularisation in response to various
cytokines, like stroma cell derived factor-1 a (SDF-1a), matrix metalloproteinase-9
(MMP-9), VEGF, Placental Growth Factor (PlGF) and Granulocyte Colony Stimulating
Factor (G-CSF). [1,2,15,18,21,35-39] SDF-1a belongs to the chemokine family and
binds to the CXCR-4 receptor. SDF-1a plays a key role in both the release and the
homing process of EPCs; a high concentration in the bone marrow holds stem cells in
their niche. Various factors, including G-CSF, VEGF and PlGF, deplete SDF-1a in the
bone morrow and subsequently permit the egress of stem cells into the circulation. In
turn, circulating stem cells, which express the SDF-1a receptor CXCR4, home towards
SDF-1a. Within the tumor the concentration of SDF-1a is increased in response to
VEGF. [38] The acute mobilization after paclitaxel could be effectively inhibited by
antibodies against the VEGF and CXCR-4 pathway, leading to enhanced anti-tumor
efficacy of particularly these chemotherapeutics. [15] Besides EPC, mature CEC are
increased in the blood of cancer patients and correlate with angiogenesis and tumor
volume. [17-29] CEC appear in the peripheral blood of cancer patients either due to
release from the bone marrow, similar to EPC, or due to shedding from activated
or damaged (tumor) vessels. Viable CEC may therefore reflect angiogenic activity
whereas apoptotic CECs may act as a surrogate marker for vascular damage. [17,30]
These findings have provided new insight into the mechanism of tumor regrowth,
resistance to chemotherapy, early recurrence and metastasis formation during or
after chemotherapy.
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However, little is known of EPC and CEC kinetics during chemotherapy in humans.
The bone marrow depression and recovery, generally seen after chemotherapy,
might influence the temporal changes in CEC and EPC and might be of importance
when considering these cells as potential markers for therapy. Here we investigated
the temporal changes in EPC and CEC and modulatory cytokines during the 1st cycle
of chemotherapy. We show that the increase in EPC and CEC levels 21 days after
start chemotherapy by far exceed the change immediately after chemotherapy.
Furthermore, we provide evidence that the magnitude of the increase in CEC and
EPC levels after chemotherapy correlates with response and survival. These findings
suggest that continuous suppression of EPC and CEC is important for optimizing
treatment efficacy.

Patients and methods
Characterization of study patients and protocol
Blood samples were prospectively collected from cancer patients receiving maximum
tolerated dose chemotherapy in a three weekly schedule either as (neo)adjuvant
chemotherapy or as chemotherapy for metastatic disease. All patients with previous
chemotherapy or surgery within 4 weeks were excluded. Patients were recruited
between July 2006 and October 2008 in UMC Utrecht Cancer Center, follow-up
ended March 2009. The study was approved by the Institutional Ethics Committee
and written informed consent was obtained from all patients. Blood sampling was
performed before the 1st cycle of chemotherapy, 4 hours and 7 days thereafter and
immediately before the 2nd cycle (day 21). Response evaluation was performed after
the 3rd cycle of chemotherapy according to RECIST criteria. Progression free survival
(PFS) was defined as time from start chemotherapy to date of tumor progression
according to RECIST. Time from start chemotherapy to date of patients’ death was
determined as overall survival (OS).

Plasma and mononuclear cell isolation
EDTA plasma and mononuclear cells (MNC) were collected using an EDTA vacutainer
(Becton Dickinson, Mountain View, CA) and a Cell Preparation Tube (CPT) with
sodium citrate (Becton Dickinson, Mountain View, CA). Isolation of the MNC occurred
by centrifugation of the CPT tubes at 1600g at room temperature for 30 minutes.
The MNC were washed once in RPMI and stored in 10% DMSO at -80°C until analysis.
EDTA tubes were centrifuged at 800g at 4oC for 15 minutes. Plasma was stored
immediately at -80°C.
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Enumeration of CEC/CEPs by flow cytometry
CEC and EPC were quantified by flow cytometry analysis according to the protocol
described by Shaked et al. [15] Briefly, a four-color FACS analysis (FACSCalibur,
BD Biosciences) was performed on MNC. Mature CEC were defined as negative for
haematopoietic marker CD45 (PerCP) (BD Biosciences) and positive for endothelial
cell markers CD31 (FITC) (BD Biosciences) and CD146 (PE) (BD Biosciences). EPC
were defined as negative for CD45 and positive for CD31 and stem cell marker CD133
(APC) (BD Biosciences). MNC were stained according to standard methods. [31,32]
Corresponding isotypes were used to correct for non-specific binding. MNC from
healthy volunteers, HMEC and NT2 cells were used as positive controls. Gating and
analysis was performed following standard protocols. [31,32] A minimum of 400.000
events were counted and CEC and EPC were calculated to number of cells per mL
blood using the mononuclear cell count of the original sample. CEC/EPC levels were
normalized to the baseline values and expressed as % change, to minimize variability
due to a large variation in baseline CEC and EPC levels.

Cytokine analysis
Plasma G-CSF and SDF-1α were determined by commercially available ELISA’s
(Quantikine, R&D systems, UK). VEGF, PlGF and FGF were quantified by commercially
available Luminex (R&D systems, UK), following manufacturers instructions.

Statistical methodology
Statistical comparisons were performed using the (paired) t-test and Pearson
correlation when data were normally distributed and non parametric analysis of
Mann-Whitney and Wilcoxon signed rank test otherwise. To associate changes in CEC
and EPC levels (separately or combined) for PFS and OS, variables were both tested
as continuous variables applying univariable Cox regression Proportional Hazard (PH)
analysis and dichotomized for Kaplan Meyer estimation. Differences were evaluated
using the log-rank test and hazard ratios were obtained. All results were analyzed
using SPSS 15.0 and GraphPad Prism version 4.00. Error bars shown are standard
errors of the mean. P-values < 0.05 (two-sided) were considered significant.

Results
Patient characteristics
82 patients with different malignancies, treated with various forms of chemotherapy,
were enrolled in this study. Eleven patients did not finish the blood sampling due to
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early withdrawal of informed consent, mainly due to the requirement of a second
intravenous access. 71 patients were evaluable for analysis of changes in CEC, EPC
and growth factors after chemotherapy. Nine patients were treated with adjuvant
chemotherapy and by definition not evaluable for response to treatment; another
nine patients were not evaluable according to RECIST and were therefore excluded.
Ultimately 53 patients were evaluable to associate changes in CEC/EPC levels after
chemotherapy with response to treatment. For 40 patients the predictive value of
the changes in CEC/EPC levels for PFS and OS was analyzed, as 13 patients receiving
neo-adjuvant chemotherapy were excluded from this analysis. Table 1 summarizes
the demographics, follow up and tumor types of all patients.
Table 1 | Patient characteristics
Characteristic

N (%)

Sex
Male
Female

33 (47%)
38 (53%)

Age
median (range)

62 year (32-82 year)

Breast
Colorectal
Ovarian
Esophagus
Prostate
Head and Neck
Sarcoma
Cervix
Other

17
13
8
8
6
5
4
4
6

(24%)
(18%)
(11%)
(11%)
(9%)
(7%)
(6%)
(6%)
(8%)

Taxane based
Anthracyclin based
5-FU based
Platinum based
Other

23
21
11
9
4

(32%)
(30%)
(20%)
(13%)
(5%)

Tumor type

Chemotherapy regimen

Response to chemotherapy after one cycle
Partial/complete remission
Stable disease
Progressive disease

21 (40%)
27 (51%)
5 (9%)

Follow-up
Median follow up (IQR)
Median PFS (IQR)
Median OS (IQR)

19 months (12-28 months)
7 months (4-11 months)
14 months (9-25 months)

Abbreviations: PFS, progression free survival; OS, overall survival; IQR, interquartile range.
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Changes in CECs, EPCs during 1st cycle of chemotherapy
Overall an increase was seen in CEC and EPC after the first cycle of chemotherapy.
Almost half of the patients (42%) already showed a moderate increase in CEC 4
hours after chemotherapy (mean 176% (95% CI 76-277%; NS)). Regarding to EPC, as
shown before [15], only patients treated with taxane-based chemotherapy showed
an immediate increase of EPC (mean 181% (95%CI: 50-311%), p < 0.05) compared to
a mean decrease of 85% (95%CI: 48-123%) in other chemotherapy groups (significant
difference, p < 0.01).1 After 7 and 21 days the increase of CEC and EPC was
substantially higher and consistently present after all types of chemotherapy. At
day 7, CEC levels were increased to 192% (95%CI: 133-252%; p < 0.01) and EPC levels
were slightly increased to 114% (95% CI 78-151%; NS). On day 21 CEC and EPC levels
were further increased to respectively 418% (95% CI 203-632%; p < 0.01) and 304%
(95% CI 176-1431%; p < 0.01) (Figure 1A,B)
This increase in CEC and EPC was also seen in patients receiving adjuvant
chemotherapy, although to a lesser extent and not reaching significance. At 7 and
21 days after chemotherapy a mean increase of CEC was seen of 250% (8-486%,
p=0.16) and 275% (21-987%, p=0.08) respectively. EPC were slightly decreased after
7 days (mean 63% (8-128%, p=0.2), but increased after 21 days to 231% (61-1243%,
p=0.18). The levels of CEC and EPC at day 7 and 21 in patients treated with adjuvant
chemotherapy did not significantly differ from changes seen in patient with advanced
disease (p=0.8) (Figure 1E, F)

Cytokine changes during 1st cycle of chemotherapy
To determine possible causes of the increase in CEC and EPC, various cytokines
were quantified in patients’ plasma. Four hours after chemotherapy a significant
increase in plasma SDF-1α was found in all patients treated with taxane-based
chemotherapy [n=6, mean 135% (108-212%); p=0.01], in all other patients levels
remained stable. In all patients, 4 hours after chemotherapy a significant increase
in PlGF levels (p < 0.05) was observed. In contrast VEGF and FGF levels showed an
immediate decrease within 4 hours after chemotherapy (p < 0.05). G-CSF levels
remained stable. Seven days after chemotherapy there was a significant increase in
SDF-1α, (p < 0.01) and G-CSF (p < 0.001). (Figure 1C, D) These increases were seen
after all chemotherapeutic regimens. No significant changes could be found for PlGF,
FGF and VEGF 7 days after chemotherapy. At day 21 all growth factors returned to
baseline level. For all patients a significant inverse correlation between SDF-1α and
1

Note: the results from 4 of the 6 patients were already published in Shaked et al Cancer Cell 2008
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Figure 1 | Kinetics of circulating endothelial cells (CEC), endothelial progenitor cells
(EPC) and growth factors during the first cycle of chemotherapy. Overall a significant
increase was seen in CEC (A) EPC (B) G-CSF (C) and SDF-1α (D) (n=71, p<0.01). The
increase in CEC (E) and EPC (F) seems also present in patients treated with adjuvant
chemotherapy (n=9, p=0.08 and p=0.18).

CEC (Pearson R=0.5; p<0.001) and EPC (Pearson R=0.5; p < 0.001) at baseline, 7 days
and 21 days was noticed. There was a significant positive correlation between EPC
and SDF-1α 4 hours after chemotherapy (Pearson R=0.3; p < 0.001), but not between
CECs and SDF-1α (Pearson R=0.09, p=0.4). There was no correlation between other
cytokines and CEC or EPC at any time point.

Changes in CEC and EPC levels after chemotherapy associated with
response, PFS and OS
A significant correlation was found between changes in CEC and EPC 7 days
after chemotherapy and % tumor shrinkage according to RECIST after 3 cycles of
chemotherapy (Pearson R=0.5 and 0.4, p < 0.01, respectively). Changes in CEC or
EPC after 4 hours and 21 days did not correlate with response to chemotherapy.
(Figure 2) The kinetics of the CEC 7 and 21 days after the first cycle of chemotherapy
differed significantly between patients with partial remission/stable disease (PR/SD)
and patients with progressive disease (PD) after 3 cycles of chemotherapy (p<0.05).
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In patients with PD a large increase in CEC was seen after both 7 and 21 days (mean
increase respectively 386% and 1658%). In patients with PR/SD a mean increase in
CEC of 169% was found at day 7, p<0.05 and 210% after 21 days, p<0.01. EPC levels
did not differ significantly between patients with PD compared to patients with PR/
SD.
Subsequently, with univariable Cox PH regression we determined whether CEC
and EPC levels, at baseline and/or consecutive time points after chemotherapy
could predict PFS and OS. At baseline and 4 hours after chemotherapy no association
between PFS/OS and CEC/EPC was observed (p > 0.15). (Data not shown) Furthermore
tumor type or chemotherapy regimen could not predict PFS or OS in univariable
analysis (p >0.5). (Data not shown) Interestingly, a large increase of CEC levels 7
days after chemotherapy showed a significant association with poor PFS (p=0.007)
and a trend towards poor OS (p=0.09). Equally, at day 21 a large change in CEC levels
were correlated with poor PFS and OS as well (p=0.002 and p=0.008, respectively).
However, we focused on day 7 as this is the earliest time point which could be
used as predictor for PFS/OS. Tertiles were chosen as objective cut off points to
dichotomize variables for Kaplan-Meier analysis. For CEC levels the 67th tertile was
chosen as cut off to divide patients into two risk groups with distinct survival rates.
Seven days after chemotherapy a change in CEC levels of less than 193% (67th tertile)
was associated with a significantly prolonged PFS (p=0.01) and OS (p=0.006). (Figure
3A, B and Table 2) In univariate analysis EPC levels were not significantly associated
with PFS or OS at day 7 and 21. However, because both CEC and EPC may play an
important role in tumor progression, we investigated whether combining CEC and
EPC levels in one risk model could improve the predictive accuracy. Therefore we
dichotomized the EPC levels at day 7 using a similar cut off point as for CEC (33th
tertile). After dichotomization EPC levels at day 7 were (borderline) significantly
associated with PFS and OS (p=0.046 and 0.06 respectively). (Figure 3B, Table 2)
Subsequently, patients were stratified in three risk groups with distinct survival rates
based on CEC or EPC levels above or below their cut off point. A favorable group
without risk factors (low CEC and low EPC levels), an intermediate group with one
risk factor (either low CEC levels or low EPC levels) and a poor risk group with both
high CEC and high EPC levels were defined. This combination revealed an accurate
risk model for PFS and OS (p=0.006 and p=0.02 respectively). For PFS median survival
times were, 16, 11 and 5 months respectively for the favorable, intermediate and
poor risk group. OS was 13 months for the poor risk group. For the favorable and
intermediate risk groups median survival times were not reached at end of follow
up. (Figure 3C, Table 2)
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Figure 2 | Significant correlation between the changes in circulating endothelial cells
(CEC) (A) and endothelial progenitor cells (EPC) (B) 7 days after chemotherapy and the %
tumor shrinkage according to RECIST. n=53, pearson R=0.5 and 0.4 respectively (p<0.01).
CEC levels, but not EPC levels, after 7 and 21 days discriminated between patients with
PD (n=5) and SD/PR (p < 0.05). (C,D)

Discussion
Here we showed that CEC and EPC were increased in the blood of cancer patients
after treatment with various chemotherapeutic regimens. This increase already
started a few hours after chemotherapy [15], but the changes after 7 and 21 days
after start chemotherapy exceeded the change immediately after chemotherapy
and was not limited to specific types of chemotherapy. The increase in CEC and EPC
is seemingly unrelated to the presence of a tumour since adjuvant chemotherapy
showed similar kinetics. This suggests that EPC and CEC release after chemotherapy
is part of a reactive host response independent of tumor type and chemotherapy
regimen. This response may very well be an important factor in determining the
outcome of patients, as EPC and CEC have been found to stimulate tumour growth,
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metastasis formation and limit chemotherapeutic efficacy by prevention of necrosis.
[3,15] Here, we showed that the magnitude of the increase of CEC and EPC after

chemotherapy was associated not only with response to chemotherapy after
3 cycles but also with PFS and OS. Although this is the first prospective analysis
of the correlation between the changes in CEC/EPC during the 1st cycle of MTD
chemotherapy and response and survival, the correlation between CEC/EPC and
prognosis of patients are supported by others. [21,32-34]
The chemotherapy induced host response is likely to be mediated by the
upregulation of various cytokines which are known to be involved in progenitor cell
recruitment, like SDF-1α, VEGF, PlGF and G-CSF. [1,2,15,18,21,35-39] Especially SDF1α is known for its key role in both the release and the homing of EPC. [38] Previously
it was shown that certain types of chemotherapy can cause an acute upregulation
of SDF-1α, VEGF and G-CSF. [14,15,21,35,40] In addition, inhibition of SDF-1α by
neutralizing antibodies could inhibit the release of EPC and enhanced the antitumor efficacy of the chemotherapy. [15] We found a significant increase in SDF-1α
and G-CSF 7 days after chemotherapy. The very consistent increase in G-CSF is not
surprising given the important role in haematopoiesis and the recovery of the bone
marrow after chemotherapy. No correlation could be found between G-CSF and CEC
or EPC. However a significant, correlation between CEC and EPC with SDF-1α was
shown, suggestive for a role for SDF-1α in the recruitment and/or homing of these
cells. In contrast, it should be noted that plasma SDF-1 α levels already returned to
baseline levels after 21 days, whereas the CEC and EPC continued to increase. This
may suggest that other growth factors are involved in the continued release of CEC
and CEP.
Preclinical evidence shows that anti-angiogenic therapy could blunt the release
of EPC by (chemo)therapy. [14,15] Whether this is the case in patients is presently
unclear, however it has been shown that metronomic chemotherapy does inhibit
the release of EPC in patients. [41] Perhaps this inhibition of CECs and EPCs release
provides an additional explanation for synergistic efficacy of bevacizumab and
chemotherapy. Conceptually these findings point to an array of new therapeutic
strategies by combining chemotherapy with agents capable of inhibiting the release
of progenitor cells, like SDF-1α/CXCR-4 antagonists, to enhance the therapeutic
potential of conventional chemotherapy.
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High EPC&CEC

Either low EPC or
low CEC

Low EPC&CEC

30%

193%

4

7

11

6.2

11.5

4.6

9.6

Median PFS
months

0.006

0.046

0.01

Log Rank
p-value

5.5 (1.7-17.4)

1.7 (0.6-4.7)

—

2.4 (1.0-5.9)

—

2.9 (1.2-7.0)

—

HR (95% CI)

12.8

Not reached

Not reached

14.6

Not reached

12.7

Not reached

Median OS
months

0.02

0.06

0.006

Log Rank
p-value

Abbreviations: CEC, circulating endothelial cell; EPC, endothelial progenitor cell; PFS, progression free survival; OS, overall survival; HR, hazard ratio
† Risk group used as reference

Poor

Intermediate

Favorable†

EPC+ CEC day 7

Highest 2 tertiles

Lowest tertile†

EPC day 7

Highest tertile

Lowest 2 tertiles†

CEC day 7

Cut point used

11.7 (1.4-98.4)

5.3 (0.6-45.1)

—

3.8 (0.8-17.6)

—

4.5 (1.4-14.6)

—

HR (95% CI)

Table 2 | Changes in CEC and EPC levels 7 days after chemotherapy associated with progression free survival and overall survival.
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A potential limitation of this study is the heterogeneous population of
chemotherapy and cancer types. However, we intended to test whether the host bone
marrow response was a specific effect or a more generalized effect independent of
the type of chemotherapy and found evidence for the latter. Furthermore, certain
types of chemotherapy with a high response rate in certain forms of cancer could
be a confounder in the analysis. Although, in univariate analysis tumor type and
chemotherapy regimen were both not predictive for survival suggesting that our
results are not influenced by a specific subgroup. There is still controversy on the
definition of an EPC and CEC. No unique identifying markers have yet been reported
and functional characterization of the rare putative populations based on FACS
phenotypes will be difficult to realize for a large dataset. Here we did not distinguish
between viable and apoptotic CEC and EPC. The true biological meaning of the cells
we quantified based on the selected phenotypes needs to be evaluated. However
using the selected phenotypical definitions, the data presented here support a
general role of CEC and EPC in the prognosis of cancer patients after chemotherapy
and as a potential target for therapy.
In conclusion, we showed that chemotherapy evokes both an acute and a late
systemic host response comprised of the release of CEC, EPC, growth factors and
chemokines. The extent of this release correlates with the response to therapy
and the prognosis of patients. These findings provide new opportunities for
further enhancing chemotherapy efficacy by inhibition of the released factors by
combination treatment. Furthermore, this study paves the way for a prospective
study in a uniformly treated patient population to determine whether CEC and EPC
might be used as a very early predictor of response to therapy.
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Abstract
Background: In preclinical models recruitment of bone-marrow derived (endothelial)
progenitor cells (BD(E)PCs) contributes to tumor growth and metastasis formation.
Here we investigated whether these (E)PCs and mobilizing cytokines are released
after partial hepatectomy or radiofrequency ablation (RFA) for liver tumors. In
addition, we tested whether G-CSF could play a role in EPC mobilization in mice and
in human volunteers.
Methods: Before, during and after liver surgery plasma and mononuclear cells were
collected from 12 patients undergoing partial hepatectomy or RFA. To explore the
role of G-CSF C57Bl/6 mice and 20 human volunteers received G-CSF (0.3 or 3 μg).
In all individuals, (E)PC numbers were determined by flow cytometry at predefined
timepoints shortly after therapy. Plasma levels of G-CSF, VEGF and SDF-1α were
measured by ELISA.
Results: Patients undergoing partial hepatectomy or RFA showed a instantaneous
release of EPCs following laparotomy and mobilization of the liver. Elevated EPC
levels were maintained during the entire procedure, but dropped to near-baseline
levels 4 hours after completion of the procedure. Plasma G-CSF levels showed a
5-10-fold increase after the procedure and low-dose G-CSF administration to mice
or healthy volunteers was sufficient to induce an immediate release of EPCs. Surgery
also caused an increase in the plasma levels of VEGF, but not SDF1.
Conclusion: Compliant with previous published data concerning VDA and chemotherapy treatment, liver surgery induces an instantaneous release of EPCs,
conceivably in response to elevated G-CSF levels. This suggests the value of exploring
therapeutic avenues to prevent this process.
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Introduction
The liver is the most common site of metastases from colorectal carcinoma. Surgery
is for patients with hepatic metastases a potentially curative treatment option,
leading to 5-year survival rates of approximately 30-40%. [1] As resection is only
applicable in a small number of cases, local destructive therapies like radiofrequency
ablation (RFA) is an alternative treatment option. RFA generates heat in the tumor
tissue and results in immediate necrosis. In small liver tumors, RFA shows comparable
survival rates. [2,3] A major problem of liver surgery is the high recurrence rates: in
approximately 10-15% of cases the tumor will recur. [1-3]
As angiogenesis is important in both tissue repair and tumor growth, this biologic
process has been suggested to play a role in tumor regrowth following surgery. [4] Local
activation and proliferation of endothelial cells are thought to drive angiogenesis,
but recruited bone marrow derived progenitor cells (BMDPCs) are also shown to
contribute to this process. [5,6] Moreover, it is now becoming clear that several
different lineages of supporting cells can egress from the bone marrow which can
potentially support the growth of tumors. [7-10] Although some preclinical studies
have demonstrated the incorporation of endothelial progenitor cells (EPCs) in the
neovascularization of tumors, controversy exists regarding the relative contribution
of these cells to the actual growth of the tumor, especially in patients. [6,11-15]
Based on observations in patients who underwent a sex mismatched allogeneic bone
marrow transplantation it was estimated that approximately 5% of the endothelial
cells of the tumor vasculature was derived from bone marrow progenitor cells. [16]
However, these studies were performed on patients who had not recently received
any therapy. There is recent evidence that when a host is challenged (e.g. with a
vascular disruptive agent (VDA) or with chemotherapy) EPCs are mobilized within
hours after start of treatment, which subsequently home to the tumor and reduce
necrosis. [17] Interestingly, this phenomenon could be inhibited by an antibody against
the VEGF receptor 2. These preclinical studies are supported by results of early
clinical studies showing an increase in EPCs in cancer patients treated with VDAs and
chemotherapy. [18-20] The biological relevance of the BMDPC is further illustrated
by the observation that these cells appear to play an important role in metastasis
formation, especially during the transition of micrometastasis to macrometastasis.
[21,22] The mechanism by which certain stress signals and mediators evoke acute

egression of (E)PCs from the bone marrow is not well understood. Granulocyte-colony
stimulating factor (G-CSF) is well known for its mobilization of hematopoietic stem
cells and more recently other cytokines such as stroma cell-derived factor 1 alpha
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(SDF-1α) and vascular endothelial growth factor (VEGF) also have been implicated in
this trafficking process. [10,23-26] Recently we reported that VDA treatment induced
a rapid increase in circulating EPC levels, host derived VEGF, SDF-1 α and G-CSF
in wild type mice, but not in G-CSF-R -/- mice. [27] Further, our unpublished data
further show that chemotherapy induced a rapid increase in circulating EPC levels in
wild type mice and once again not in G-CSF-/- mice (unpublished data Y.S.). These
findings suggest that G-CSF plays an essential role in the chemotherapy-induced
instantaneous release of EPCs.
Here we hypothesize liver surgery also induces a release of EPCs from the bone
marrow shortly after the procedure as a host repair response and that G-CSF could
be an important mediator in this trafficking process.

Methods
Study subjects and procedures
To test this hypothesis blood samples were collected from twelve patients with
hepatic malignancies who underwent surgery: six patients with liver metastases
of colorectal cancer treated by partial hepatectomy and six patients with liver
metastases of colorectal cancer or carcinoid treated with radiofrequency ablation
(RFA). Blood was withdrawn at five different timepoints: preoperatively (baseline),
postmobilisation (after laparotomy and mobilisation of the liver, just prior to the
procedure) and 20 minutes, 4 hours and 24 hours after the procedure. Blood was
immediately transferred to our laboratory for further processing.
To explore the role of G-CSF in this immediate EPC recruitment, fifteen 8 weeks
old C57Bl/6 mice (Jackson Laboratory–West, Sacramento, USA) divided in five
groups were treated with 0.04, 4.3, 8.6 and 20 mg/kg recombinant murine G-CSF
(Peprotech) or vehicle by intraperitoneal injection and were bled by retro-orbital
sinus 4 hours after treatment.
Additionally, 4 groups of 5 human healthy volunteers were treated with G-CSF
(filgrastim, Amgen) by subcutaneous injection in three different dose levels of 0.3,
3 and 300mg G-CSF and placebo (0.9% saline). Blood sampling was performed at
baseline (before G-CSF administration) and 2, 4 and 6 hours after administration of
G-CSF.
The subjects’ characteristics are displayed in table 1. All patients and volunteers
were included in Institutional Ethics Committee approved protocols conform the
principles embodied in the Declaration of Helsinki and all animal studies were
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performed according to the Sunnybrook Health Sciences Centre Animal Care
Committee (Toronto) and the Canadian Council on Animal Care.
Table 1 | Subjects’ baseline characteristics of all treatment groups
Subject group

RFA

Resection

Volunteers

number included

6

6

20

median age (range)

59 (35-76)

68 (47-80)

29.5 (23-48)

male

2

1

14

female

4

5

6

gender

tumortype
colorectal

4

6

NA

hepatocellular

0

0

NA

carcinoid

2

0

NA

RFA: radiofrequency ablation, NA: not applicable

B(E)DPC analysis by flow cytometry
For the clinical samples, the mononuclear cell fraction was isolated from whole
blood using a cell preparation tube with a density gradient gel (8 ml CPT tube,
BD Biosciences) and frozen in RPMI 1640/ 10% DMSO/ 20% Fetal Calf Serum and
stored at -80°C until further analysis. At time of analysis, samples were thawed
and washed two times in PBS-BSA 1%- EDTA 5 mM buffer. Circulating (endothelial)
progenitor cells were analyzed by fluorescence-activated cell sorting (FACS) by a
four colour flow cytometer (Becton Dickinson FACScalibur) using peridin chlorophyll
protein (PerCP)- conjugated anti CD45 (Becton Dickinson), isothiocyanate (FITC)conjugated anti CD31 (Becton Dickinson Pharmingen), fluorescein, phycoerythin (PE)
-conjugated anti CD146 (MAB 16985H, Chemicon International), and allophycocyanin
(APC)- conjugated CD133 (Miltenyl Biotec) as antibodies as previously reported.
[28-30] Negative controls for each sample were stained with appropriate isotype
controls to exclude atypical binding/staining. Immortalized human microvascular
endothelial cells (HMEC-1) and human teratocarcinoma (NT2) cells were used as
positive controls for CD146 and CD133 respectively. Cells of interest were defined
as CD45-, CD31+ and CD133+ for the circulating endothelial progenitor cells (EPC),
CD45-, CD31+ and CD146+ for the circulating endothelial cells (CEC) and CD133+ for
the progenitor cells in general (PC). In mice, a few minutes before and 2 to 4 hours
after administration of G-CSF, blood was collected in EDTA tubes. The cell suspension
samples were immediately evaluated by flow cytometry after red cell lysis and
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labelling with CD13-FITC, CD45-PerCP, CD117-APC and VEGFR-2-PE (all from Becton
Dickinson Pharmingen) EPCs were defined as CD45-, CD13+, VEGFR2+ and CD117+.
For all samples, accurately defined gates were used to exclude platelets, dead cells,
and debris. Analyses were considered informative when adequate numbers of gated
events (i.e., > 100.000) were collected. Measurements of EPCs were expressed in
fold increase as compared to baseline values. All samples were measured in duplo.

Measurement of various growth factors and cytokines
Plasma G-CSF, SDF-1α and VEGF levels were measured using commercially available
sandwich ELISA kits (R&D Systems) following the manufacturer’s instructions, using
EDTA plasma. For the RFA/surgery patients and higher doses G-CSF treated volunteers
normal sensitivity G-CSF assays (R&D, DCS50) were used and for the low dose G-CSF
treated volunteers high sensitivity assays (R&D, HSC0B) were performed. All samples
were measured in duplo.

Statistical analysis and data interpretation
Statistical comparisons were performed using the Students t Test when data were
normally distributed and the nonparametric analyses of Wilcoxon when data were
not normally distributed. All tests were 2 sided. P values lower than 0.05 were
considered as statistically significant. All statistical calculations were performed
using commercially available statistical software (Graphpad prism 4.0 / SPSS version
15).

Results
Immediate increase in EPC levels in patients undergoing liver surgery
In patients undergoing either partial hepatectomy or RFA we observed an immediate
rise in the levels of circulating EPCs following laparotomy and mobilization of the
liver, just prior to the start of the procedure (partial liver resection or RFA). (Wilcoxon
rank analysis as compared to baseline values, P=0.03, Figure 1). The increase in
circulating EPCs was maintained during the procedure, but rapidly dropped to nearbaseline levels 4 and 24 hours after completion of the procedure. No significant
changes were observed in circulating PC or CEC levels during or after surgery

Abbreviations: postmob: post mobilization; postproc: post procedure

± SEM. * 0.05 > P > 0.01 ** 0.01 > P > 0.001 *** P ≤ 0.001 (Wilcoxon rank analysis as compared to baseline value)

measured in 12 liver cancer patients before treatment and at various timepoints after surgery, represented as means

PC: CD133+ and CEC: CD45-/CD31+/CD146+) as compared to baseline and plasma levels of G-CSF, VEGF and SDF-1α

Figure 1 | Increase in levels of circulating (endothelial) (progenitor) cells C(E)(P)C (EPC: CD45-/CD31+/CD133+,
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Increased plasma G-CSF and VEGF levels in patients undergoing liver
surgery
In patients undergoing liver surgery we observed a 5-10 fold increase in plasma
G-CSF levels from 20 minutes to 4 hours after the procedure (P=0.0093 and P=0.001
respectively). In addition, we observed a 2-fold increase in VEGF levels from 4-24
hours after the procedure (P= 0.0024 and P=0.0068 respectively) (Figure 1). SDF-1α
levels did not change within the period of sampling.

G-CSF administration to C57/Bl6 mice results in an immediate increase
in EPCs
Next, in order to investigate the mobilizing potential of the observed G-CSF peaks in
the plasma of the liver surgery treated patients, we tested whether administration
of comparable doses G-CSF to mice or healthy volunteers was sufficient to cause the
release of EPCs from the bone marrow. To this end, fifteen C57/Bl6 mice received
G-CSF (0.04-20 mg/kg) via intraperitoneal injection. These doses are within the
range observed in the plasma of the surgery treated patients. We found a 3-5-fold
increase in circulating EPCs 4 hours after injection, indicating that G-CSF alone was
sufficient to mobilize EPCs from the bone marrow. (0.04 and 4.3 μg/kg : Students t
Test P=0.0038 and P=0.0008 as compared to the vehicle) (Figure 2A).

Elevated levels of EPCs in human volunteers treated with low-dose G-CSF
Subsequently, 20 healthy human volunteers were injected with G-CSF (0.3, 3 and
300 μg) or placebo (saline 0.9%). Pharmacokinetic analysis of G-CSF in the volunteers
confirmed that the concentrations of G-CSF given were in the range of those seen
after surgery. At lower doses, G-CSF stimulated the mobilization of EPCs although
this did not reach statistical significance. (range P values 0.17 to 0.30) (Figure 2B).

Discussion
Recently, it has been demonstrated that vascular disruptive agents and certain forms
of chemotherapy induce acute mobilization of progenitor cells. [19,20,17] Here we
show that a similar phenomenon is seen during and immediately after surgery. Although
there are reports showing a mobilization of EPCs within days following surgery [31,
32], this is the first study showing a mobilization of EPCs already after laparotomy

and mobilization of the liver but prior to initiation of resection or RFA. This suggests
that the incision and/or the process of liver mobilization are sufficient to induce
release of EPCs from the bone marrow. The observed peri-operative increased G-CSF
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Figure 2 | Effects of an injection of G-CSF on EPC levels in (A) C57/bl mice treated with
4 different doses G-CSF or vehicle intraperitoneally and in human volunteers (B) treated
with 3 different doses G-CSF or placebo subcutaneously and corresponding plasma levels
of G-CSF after injection.
All data represented as means ± SEM, ** 0.01 >P > 0.001 *** P ≤ 0.001 (Students t Test as
compared to baseline value)

concentrations were sufficient to induce an EPC release in mice and to a lesser extent
in human subjects when administered as single agent. In the patients undergoing
liver surgery, circulating EPCs were detected prior to the increase in plasma G-CSF
levels. We propose that a minor increase in the concentration of G-CSF during the
earlier timepoints could be sufficient to induce EPC release, potentially aided by an
active dopaminergic system in patients undergoing surgery. This may help explain
this apparent contradictory result. Taken together, our findings support the concept
that the host bone marrow responds to certain stress signals in an immediate “seek
and repair” manner, presumably in order to support tissue regeneration. The bone
marrow response consists of the release of progenitor cells from the endothelial cell
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lineages but is certainly not limited to these cells. As a matter of fact, several other
progenitor cells have now been implicated in tumor growth or tissue repair. In our
mouse experiment and volunteer study, indeed G-CSF administration resulted in an
immediate increase in EPCs. However, the results from the volunteer study are less
consistent than those from patients undergoing surgery and the mouse experiment.
This may indicate that there is an intricate regulation of this process by G-CSF
and other cytokines. VEGF, matrix metalloproteinase 9 (MMP-9), CXCR4 receptor
and its ligand SDF-1α, placental growth factor (PlGF), RANTES (CCL5) and many
other factors are reported to be involved in the release and trafficking process of
BMDPCs, many of which may be upregulated during surgery. [10] Depending on the
interplay of these cytokines, the release of certain cell types may be regulated.
Additionally, it has been shown recently that the release and function of progenitor
cells could be induced through catecholaminergic neurotransmitters, modulated
via G-CSF by upregulation of dopamine receptors. [33-37] Besides that, certain
anesthetics have been shown to increase the number of colony forming units of
EPCs in healthy volunteers. [38] This may also provide an alternative explanation
for the differences between the volunteers and surgical patients where the latter
may have a more active catecholaminergic system during surgery. Altogether, it is
tempting to speculate that tumors may benefit from the influx of progenitor cells
after perturbation by treatment modalities. Recurrence or stimulated tumor growth
following liver surgery may potentially be explained by this phenomenon. The
progenitor cells may support neovascularization, prevent apoptosis and facilitate
tumor recurrence and metastasis formation. [22] Inhibiting the influx of these BD(E)PC
in the short time period during or following liver surgery may constitute a beneficial
adjuvant treatment for patients with liver metastasis. Interestingly, in preclinical
models the mobilization of progenitor cells could be prevented through various
approaches, such as VEGF/VEGF receptor inhibiting agents, anti G-CSF treatment
and inhibitors of the SDF/CXCR4 pathway. [17,39,40] Additionally, Ferrara et al. show
that G-CSF might mediate refractoriness to anti VEGF therapy in mouse models
and that anti GCSF treatment resulted in responsiveness to anti VEGF treatment in
previous refractory tumors. [40]
Alternatively, exploiting the regulatory capacity of the catecholaminergic
system peri-operatively and the effect of anesthesia on these pathways may also be
worthwhile.
In conclusion, this study reveals that liver surgery induces a release of EPCs
within minutes to hours after initiation of the surgical procedure, and that G-CSF
may play a modulatory role in the releasing and trafficking process. In terms of
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clinical relevance this could imply that these cells and also the inducing or guiding
factors like G-CSF can constitute a new target of therapy. Future studies should be
aimed at investigating the role of this immediate EPC release in tumor recurrence
following liver surgery and the surplus value of combination therapy in the immediate
moments after surgery, starting already during the surgical procedure, in order to
reduce tumor recurrences following liver surgery.
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Synthesis
It is a wise mans part, rather to avoid sickness, than to wish for medicines.
Thomas More, Utopia
Conventional chemotherapy has proven its effectivity in the treatment of many
cancers types. Nevertheless, because of the non-specificity of the agents, the
tumor destroying capacity goes hand in hand with damage to the healthy tissues,
expressed as unwanted toxicity. The past decades this treatment emerging toxicity
seemed to be well managed by standard care strategies. Still, it is desirable to
only target the tumor cells, resulting in a more effective therapeutical potential of
anti cancer agents and less unwanted side effects. From that point of view, in the
treatment of cancer the focus has shifted from general cytotoxic agents to a more
cell specific, targeted therapy. A multitude of ‘targeting’ agents has been explored
and some of them have already proven their therapeutical activity and are nowadays
implemented as standard care for certain cancer types.
In this dissertation I focussed on endothelial cells and their role and implications
in the treatment of cancer. These cells reconstitute a specific target for therapy
as they are the building blocks for the vasculature, and more specific the tumor
vasculature. Endothelial cells can be inhibited by interference with the vascular
endothelial growth factor (VEGF) signalling pathway, a growth factor involved in
endothelial cell proliferation, migration and function. Contrary to expectations,
despite the specificity of this kind of treatment, these endothelial cells play also an
important role in normal physiology and this is reflected in a specific but substantial
toxicity profile. Endothelial cell/ angiogenesis inhibition by blocking VEGF-mediated
signaling can result in serious side effects in a substantial proportion of patients. Most
of these side effects seem to be manageable, but likely will become more problematic
when survival increases. Therefore it is desirable to elucidate the underlying
pathophysiological mechanisms, to provide new insights into the pathogenesis of this
toxicity in order to manage these side effects effectively. Finally this could result in
the development of more specific angiogenesis inhibitors. Although being claimed as
promising agents, major encumbrances still exist consisting of the considerable side
effects especially when treatment is continued for a longer period, the apparently
inevitable resistance to this kind of agents on the long run and the substantial costs
of the treatment. Therefore, it is desirable to select only those patients who will
benefit from treatment and to recognize resistance. By means of a predictieve
biomarker it might be possible to make this selection, and consequently to prevent
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overtreatment and unneeded toxicity and to recognize resistance to the drug in a
early stage. The final implication of endothelial cells discussed in this thesis is that
they could serve as surrogate biomarkers in angiogenesis inhibition.
Part I constitutes an introduction on the general content of this thesis. Chapter 1
provides an overview of the toxicity profile of this class of agents, the molecular
basis behind these side effects and indicates potential options for management
of this toxicity. From this chapter one could conclude that inhibiting the VEGF/
VEGFR pathway is an effective approach to treat cancer but is characterized by a
distinct toxicity profile, which composition depends on the receptors involved in
inhibition and the affinity of the drugs for those receptors. It has also provided new
insights into the physiological role of this pathway in various organs. Awareness of
the molecular basis of these side effects may help patient management and points
out to the necessity of integrating this knowledge in daily oncological practice.
A multitude of preclinical and clinical data indicates that a host derived bone
marrow response influences the response to certain anticancer modalities. This host
response possibly rescues the tumor and limits the duration of tumor responses.
Chapter 2 addresses the current understandings of these biological mechanisms
of this bone marrow derived response with emphasis on the human situation and
attempts to translate these findings into clinical consequences as provision of
various new targets for therapy, but also an explanation for the synergism of adding
bevacizumab to certain chemotherapy regimens.
Part II is a reflection of the first clinical implication of endothelial cells, namely as a
target for therapy and describes three early clinical trials concerning combinatorial
therapy of experimental VEGF inhibiting agents together with standard, generally
approved therapy.
In chapter 3, a phase I study is represented, in which in patients with advanced
solid tumors, a complete vertical blockade of VEGF pathway is achieved by combining
telatinib, a small molecule VEGF receptor tyrosine kinase inhibitor with bevacizumab,
a monoclonal antibody against VEGF-A. In this study, antitumor activity was found,
but combination of telatinib with bevacizumab was moderately tolerated at doses
already below single-agent doses. These results support the rational that complete
inhibition of the VEGF pathway results in increased efficacy, but also endorse that
increased target specificity coincides with increased and overlapping toxicity.
Another experimental combination with telatinib is represented in chapter 4. This
chapter concerns a phase I trial in which telatinib was combined with chemotherapy
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(irinotecan and capecitabine) in patients with solid tumors, preferably colorectal
cancer. Several hypotheses point out to the synergism between the combination of
VEGF inhibitors and chemotherapy. First of all, improving or normalization of the
leaky and ineffective vasculature by the addition of a VEGF inhibiting agent is an
emerging concept to enhance the efficacy of concomitantly administrated cytotoxic
therapies (Jane et al. Science 2005) Secondly, addition of anti angiogenic agents
within the drug free periods between chemotherapy cycles might inhibit the tumor
cell division and tumor regrowth in the chemotherapy free periods (Kerbel et al.
Science 2006). Finally, it has been recently shown that certain types of chemotherapy
cause an immediate release of endothelial progenitor cells (EPCs) within 4 hours
after administration of chemotherapy (Shaked et al. Cancer Cell 2008). This release
of EPCs could be inhibited by addition of a VEGF inhibiting agent. In this chapter we
have investigated the concept of inhibition of treatment enhanced angiogenesis into
the clinic. We investigated whether the addition of a small molecule TKI targeting
the VEGF receptor could also enhance the effect of chemotherapy. This study reveals
that combination of telatinib with irinotecan and capecitabine was well tolerated at
relevant single-agent doses of all three agents, and antitumor activity was found in
severely pretreated patients.
Although generally targeted separately, the epidermal growth factor (EGF) and
VEGF receptor pathways are interconnected. Another combinatorial regimen, as
described in chapter 5, is the combination of vatalanib, a VEGFR-TKI, with cetuximab,
an antibody against the EGF receptor. The rational behind this combination was
that in malignancies being EGF and VEGF signalling dependant for growth and
proliferation, inhibition of EGFR signalling, in combination with attenuation of
VEGF-induced angiogenesis, would result in an additive/complementary or even
synergistic therapeutic effect. This study revealed that dual targeting of the VEGF(R)
and EGFR pathway by means of combining PTK/ZK and cetuximab was well tolerated
at relevant single-agent doses of both agents, and antitumor activity was found in
severely pretreated patients. These results represent a first proof of concept of
combining safely an EGFR inhibiting antibody and a VEGFR TKI and support further
preclinical and early clinical research concerning combination of EGFR and VEGFR
inhibiting treatment in malignancies.
The second section (B) of part II is concerned with a characteristic side effect of
VEGF inhibiting agents and describes a trial in which a strategy was explored in order
to manage hypertension.
As hypertension is one of the major causes for discontinuation of VEGF inhibiting
treatment and thereby prohibiting maximal treatment with these agents, the primary
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goal of the study described in this chapter was to design a hypertension management
strategy by which the therapeutic potential of the VEGF inhibiting agents could
be optimally expanded. In this randomized, phase II trial, patients were assigned
to either be treated with a VEGF inhibiting agent (non-prophylaxis group) or a
combination of a VEGF inhibiting agent with an antihypertensive agent (prophylaxis
group). During treatment, emergent hypertension was treated conform a very strict
hypertension management protocol. Antihypertensive prophylaxis resulted in fewer
cases of severe hypertension (as measured by a difference in BP readings between
the prophylaxis and non-prophylaxis groups) in this study, although this did not
translate into a difference between the prophylaxis and non-prophylaxis groups for
average blood pressure levels, dose intensity and the proportion of patients with
dose interruptions/discontinuations or hypertension. Therefore, from this trial it
can be concluded that hypertension management protocol appears to be effective in
managing cediranib induced hypertension compared with previous cediranib studies
where no plan was in place. Early recognition and treatment of hypertension is likely
to reduce the number of severe hypertension events. As a result this hypertension
management strategy was implemented in all next following cediranib studies.
Part III describes the last implementation of endothelial cells in the clinic, which is
the use of endothelial cells as a biomarker. As these cells are the building blocks of
vasculature, one could hypothesize that they are a direct reflection of angiogenic
activity of a tumor. Given the biological function these cells are believed to have in
the metastasis formation process and in the transition from micro to macro metastasis
as described in chapter 2, this might be an additional argument for these cells to be
the proper candidates as a surrogate biomarker. As in the field controversy exists on
the true identity of these endothelial cells and which way of enumeration might be
the best, in chapter 7 a methodological validation of endothelial cell quantification
by flow cytometry is described. This critical evaluation shows that measuring
endothelial cells by four color flow cytometry is an accurate, repeatable and stable
way of enumeration. Preferably, in order to be able to draw definite conclusions
about the most proper method of endothelial (progenitor) cell (E(P)C) enumeration,
other methods of enumeration should be validated as well by a comparable approach.
Chapter 8 comprises a study in which the clinical relevance of E(P)Cs and modulatory
cytokines in patients after chemotherapy with relation to progression-free and
overall survival (PFS/OS) was investigated. Contrary to other chemotherapeutics,
but in line with previous published preclinical mouse studies (Shaked et al. Cancer
Cell 2008), patients treated with paclitaxel showed an immediate increase in EPCs
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4 hours after start of treatment. These immediate changes did not correlate with
response or survival. After 7 and 21 days of chemotherapy, a large and consistent
increase in E(P)C was found (p<0.01), independent of the type of chemotherapy.
Changes in E(P)Cs levels at day 7 correlated with an increase in tumor volume
after 3 cycles of chemotherapy and predicted progression free and overall survival,
regardless of the tumor type or chemotherapy.
These findings indicate that the late release of E(P)Cs is a common phenomenon
after chemotherapeutic treatment. The correlation with a clinical response and
survival provides further support for the biological relevance of these cells in
patients’ prognosis and stresses their possible use as a therapeutic target.
The phenomenon of a therapy induced EPC release from the bone marrow seems not
solely contributable to certain chemotherapeutics, but also other conventional anti
cancer therapies. In chapter 9, in patients treated with liversurgery or radiofrequency
ablation EPCs and related growth factors were measured. This study revealed that
liver surgery induces an instantaneous release of EPCs within minutes to hours after
initiation of the surgical procedure, and that G-CSF may play a modulatory role in
the releasing and trafficking process. In terms of clinical relevance this could imply
that these cells and also the inducing or guiding factors like G-CSF can constitute a
new target of therapy. This suggests the value of exploring therapeutic avenues to
prevent this process and endorses the surplus value of combination therapy in the
immediate moments after surgery, starting already during the surgical procedure, in
order to reduce tumor recurrences following liver surgery.
In summary, in this dissertation I intended to show that endothelial cells might
provide several functions in the treatment of cancer. They reconstitute a powerful
target for therapy, as single agent therapy, but also as part of combinatorial
regimens. Within this spectrum, as having an important function in normal physiology,
they also play an important role in VEGF inhibition induced toxicity. Insight in the
pathophysiological mechanisms and management of this toxicity is crucial in order
to maximize treatment potential of this kind of agents. Finally, given al these role
and functions within tumorbiology, they might be the perfect candidates for being a
biomarker which could predict response to therapy and also resistance development.
Before this last application can be implemented, general agreement of the true
identity and the most proper way to enumerate these cells should be achieved.
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Synthesis in Dutch
It is a wise mans part, rather to avoid sickness, than to wish for medicines.
Thomas More, Utopia
Conventionele chemotherapie heeft haar effectiviteit in de behandeling van
diverse kankersoorten al bewezen. Desalniettemin, voornamelijk veroorzaakt door
de niet-specificiteit van deze middelen, gaat deze tumorvernietigende capaciteit
vaak hand in hand met schade aan het gezonde weefsel, zich uitend in ongewenste
bijwerkingen. De laatste decennia kunnen deze bijwerkingen door de ontwikkeling
van standaard zorgprotocollen goed bestreden of zelfs voorkomen worden. Toch is
het nog steeds wenselijk om met een antikanker behandeling alleen tumorcellen te
beschadigen, waardoor een grotere therapeutisch effect en minder bijwerkingen
nagestreefd kunnen worden. Vanuit dat perspectief is in de behandeling van kanker
de nadruk verschoven van algemeen celdodende middelen naar meer celspecifiek
gerichte therapie. Een veelvoud aan ‘gerichte’ middelen is inmiddels onderwerp van
onderzoek geweest en enkele middelen hebben hun effect al bewezen in de kliniek.
Dit heeft geleidt tot implementatie van enkele van deze nieuwe geneesmiddelen als
standaard therapie voor bepaalde kankersoorten.
In dit proefschrift heb ik me toegespitst op endotheel cellen en hun rol en
mogelijke toepassingen in de behandeling van kanker. Deze cellen zijn een belangrijk
aangrijpingspunt voor behandeling omdat zij de bouwstenen zijn van de vasculatuur
en in het bijzonder van tumorvasculatuur. Tegengesteld aan de verwachtingen,
ondanks de specificiteit van dit soort behandelingen, spelen deze endotheel cellen
tevens een grote rol in de normale fysiologie van weefsels en organen. Dit wordt
weerspiegeld in een specifiek, maar substantieel bijwerkingenprofiel. Endotheel
cel remming door blokkade van de VEGF signaleringsroute kan resulteren in
ernstige bijwerkingen bij een groot deel van de patiënten. Het merendeel van
deze bijwerkingen lijkt goed behandelbaar maar kan hoogstwaarschijnlijk in de
toekomst, als de overleving toeneemt, toch een probleem gaan vormen. Daarom
is het wenselijk om het onderliggende pathofysiologisch mechanisme van deze
bijwerkingen op te helderen, zodat dit meer inzicht verschaft in de pathogenese
om uiteindelijk deze bijwerkingen goed te kunnen behandelen. Uiteindelijk kan dit
resulteren in het ontwikkelen van nog specifiekere angiogenese remmers. Hoewel
geroemd als veelbelovende middelen, staan er nog grote obstakels op de weg tot
aanvaarding als standaard behandeling. Deze bestaan uit de niet te verwaarlozen
bijwerkingen met name bij langere therapieduur, de ogenschijnlijk onvermijdelijke
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resistentieontwikkeling bij deze middelen op lange termijn en de substantiële
kosten die verbonden zijn aan deze behandeling. Om deze reden is het wenselijk om
alleen die patiënten te selecteren die van de behandeling zullen profiteren en om
resistentie in een vroege fase te herkennen. Door ontwikkeling van een predictieve
biomarker zou het mogelijk zijn deze selectie te maken, overbehandeling en
onnodige bijwerkingen te voorkomen en om tevens resistentie in een vroege fase
te herkennen. De laatste toepassing van endotheel cellen in de kliniek, zoals in
dit proefschrift beschreven, is dat ze zouden kunnen fungeren als biomarker in
angiogenese remming.
Deel I van het proefschrift omvat een algemene inleiding over de inhoud van dit
proefschrift. Hoofdstuk 1 geeft een overzicht van het bijwerkingen profiel van deze
klasse middelen, de moleculaire achtergrond van deze bijwerkingen en suggereert
mogelijkheden om deze bijwerkingen te behandelen. Uit dit hoofdstuk kan
geconcludeerd worden dat remming van de VEGF signaleringsroute een effectieve
benadering is om kanker te behandelen, maar dat deze behandeling wordt
gekarakteriseerd door een zeer specifiek bijwerkingenpatroon. De samenstelling
van het profiel wordt bepaald door het type receptoren betrokken bij de remming
en de affiniteit van de geneesmiddelen voor deze receptoren. Het geeft ook nieuwe
inzichten weer in de fysiologische rol van de VEGF signaleringsroute in diverse organen
en weefsels. Bewustwording van de moleculaire achtergrond van deze bijwerkingen
kan helpen in de behandeling van deze toxiciteit. Dit benadrukt de noodzaak om
deze beschikbare kennis in de dagelijks oncologische praktijk te integreren.
Veel preklinische en klinische onderzoeken wijzen uit dat een gastheer gedreven
reactie vanuit het beenmerg de respons op bepaalde anti-kanker modaliteiten
beïnvloedt. Deze gastheer reactie redt mogelijk de tumor van het beoogde
behandelingseffect en beperkt daarom de duur van de respons van de tumor op
behandeling. Hoofdstuk 2 richt zich op de huidige inzichten in de biologische
mechanismen van deze gastheer geïnduceerde reactie op bepaalde behandelingen in
de humane situatie en probeert dit te vertalen naar nieuwe ‘targets’ van behandeling
maar probeert ook een verklaring te geven voor het synergistische effect, dat wordt
waargenomen bij combinatietherapie met bevacizumab en bepaalde chemotherapie
schema’s.
Deel II van het proefschrift beschrijft de eerste klinische toepassing van endotheel
cellen, namelijk als ‘target’ voor behandeling en geeft drie klinische studies weer,
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betreffende combinatie therapie van experimentele VEGF remmende middelen met
standaard algemeen aanvaarde behandelingen.
In hoofdstuk 3 wordt een fase I studie beschreven, waarin patiënten met
gemetastaseerde solide tumoren behandeld werden met een therapie waarbij
complete blokkade van de VEGF signaleringsroute werd nagestreefd. Dit werd
bewerkstelligd door telatinib, een small molecule tyrosine kinase remmer
gericht tegen VEGF receptor te combineren met bevacizumab, een monoklonaal
antilichaam tegen de groeifactor VEGF-A zelf. In deze studie werd anti-tumor
activiteit waargenomen, maar de combinatie werd slechts matig verdragen in
doseringen reeds onder de therapeutische monotherapie doseringen. Deze resultaten
ondersteunen de rationale dat complete remming van de VEGF signaleringsroute
leidt tot toegenomen anti-tumor effect, maar bevestigen ook dat toename in targetspecificiteit samengaat met toenemende en hevigere bijwerkingen.
Een andere combinatiebehandeling met telatinib is weergegeven in hoofdstuk
4. Dit hoofdstuk betreft een fase I onderzoek, waarin telatinib werd gecombineerd
met chemotherapie (irinotecan en capecitabine) bij patiënten met solide tumoren,
bij voorkeur met colonkanker. Er zijn diverse hypotheses die een verklaring geven
voor het synergisme dat wordt waargenomen bij combinatie behandelingen van
VEGF remmers en chemotherapie. Een eerste concept betreft de normalisatie van
de lekkende en ineffectieve vasculatuur door de toevoeging van een VEGF remmer
waardoor chemotherapie beter het centrum van de tumor zou kunnen bereiken
(Jane et al. Science 2005). Daarnaast leidt toevoeging van antiangiogene middelen
in de geneesmiddelvrije periodes tussen de chemotherapie cycli tot instandhouding
van remming van de tumorgroei (Kerbel et al. Science 2006). Tenslotte is recentelijk
gepubliceerd dat bepaalde chemotherapie, binnen enkele uren na toediening van
de chemotherapie een gastheer gedreven mobilisatie van endotheel progenitor
cellen (EPCs) vanuit het beenmerg kan bewerkstelligen (Shaked et al. Cancer Cell
2008). Deze rescue reactie vanuit het beenmerg kon worden geremd door een VEGF
remmend middel toe te voegen aan de behandeling. In hoofdstuk 4 hebben we, in
de humane situatie, de effectiviteit van chemotherapie geprobeerd te vergroten
door deze chemotherapie geïnduceerde mobilisatie van endotheel progenitor
cellen te remmen door toevoeging van een small molecule inhibitor gericht tegen
de VEGF receptor (telatinib). Deze studie onthult dat de combinatie van telatinib
met irinotecan en capecitabine goed wordt verdragen in relevante monotherapie
doseringen van alle drie de middelen en dat anti-tumor activiteit wordt gevonden in
hevig voorbehandelde patiënten.
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Hoewel over het algemeen epidermale groeifactor (EGF) en de VEGF remmende
middelen niet vaak gecombineerd worden, zijn deze beide signaleringsroutes toch
met elkaar verweven. In hoofdstuk 5 wordt een studie beschreven, waarin patiënten
behandeld werden met de combinatie van PTK/ZK, een VEGF tyrosine kinase remmer,
met een antilichaam tegen de EGF receptor, cetuximab. De rationale achter deze
combinatie is gelegen in het feit dat in maligniteiten die wat betreft groei zowel
EGFR en VEGFR afhankelijk zijn, remming van de EGFR route in combinatie met
remming van VEGF geïnduceerde angiogenese, zouden resulteren in een optellend/
complementair of zelfs synergistisch therapeutisch effect. Deze studie laat zien,
dat het remmen van zowel de VEGF(R) als de EGF(R ) signaleringsroute door de
combinatie van PTK/ZK en cetuximab, een goed verdraagbaar behandelingregime
is bij relevante therapeutische doseringen van beide middelen. Daarnaast werd er
anti-tumor effect waargenomen in hevig voorbehandelde patiënten. Deze resultaten
zijn een onderschrijving van het feit dat combinatietherapie bestaande uit EGF en
VEGF remmende middelen een veilige behandelingsmodaliteit is en ondersteunt
verder preklinisch en klinisch onderzoek op dit gebied.
Het tweede gedeelte van deel II beschrijft een karakteristieke bijwerking van
VEGF remmende middelen en doet verslag van een studie waarin een strategie werd
ontwikkeld om op een zo adequaat mogelijke manier deze medicijn geïnduceerde
hypertensie te behandelen. Hypertensie is een van de meest voorkomende
bijwerkingen die een voortijdig staken met VEGF remmende middelen tot gevolg
heeft. Omdat dit resulteert in een minder maximale therapie met deze middelen
was het belangrijkste doel van de studie een behandelingsstrategie te ontwerpen
waardoor de therapeutische potentiaal van de VEGF remmende middelen
gewaarborgd zou blijven. In deze gerandomiseerde fase II studie werden patiënten
in twee groepen verdeeld. Een groep werd behandeld met alleen een VEGF remmer
(cediranib) (niet profylaxe groep) en een groep werd behandeld met de combinatie
van een VEGF remmer (cediranib) en een antihypertensivum (profylaxe groep).
Tijdens de behandeling werd hypertensie behandeld volgens een proactief, zeer strikt
protocol. Antihypertensieve profylaxe resulteerde in minder gevallen van ernstige
hypertensie, maar dit vertaalde zich niet naar een verschil tussen beide groepen
betreffende gemiddelde bloeddrukwaarden, dosis intensiteit en de hoeveelheid
patiënten met dosis interrupties of dosis verlagingen. Op grond van deze resultaten
kan worden geconcludeerd dat in vergelijking met eerdere cediranib studies waar
geen protocol gehanteerd werd, het hypertensie behandelingsprotocol effectief
blijkt in het behandelen van cediranib geïnduceerde hypertensie. Vroegtijdige
herkenning en behandeling van hypertensie draagt hoogstwaarschijnlijk zorg voor
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een verminderd aantal patiënten met ernstige vormen van hypertensie. Op basis van
deze studie is het hypertensie behandelingsprotocol in alle navolgende studies met
cediranib geïmplementeerd.
Deel III van het proefschrift bevat een beschrijving van de laatste klinische toepassing
van endotheelcellen, namelijk als predictieve biomarker. Omdat deze cellen de
bouwstenen van de vasculatuur zijn, zijn ze een directe weerspiegeling van de
angiogene activiteit van de tumor. Met de kennis dat deze cellen een belangrijke
biologische rol zouden spelen in het metastaseringsproces van tumoren, zowel wat
betreft de verspreiding als de overgang van micro naar macro metastasen (hoofdstuk
2), zou dit een extra argument zijn waarom deze cellen goed zouden kunnen dienen
als surrogaat biomarkers. Omdat er in het wetenschappelijke veld veel discussie
is over de ware identiteit van deze cellen en over de beste manier waarop deze
cellen aangetoond en gekwantificeerd kunnen worden, wordt er in hoofdstuk 7
een methodologische validatie weergegeven van endotheel cel kwantificatie door
middel van flow cytometrie. Deze kritische evaluatie van eigen metingen laat zien
dat het meten van endotheel cellen met behulp van een vier kleuren flow cytometer
een accurate, herhaalbare en stabiele manier van kwantificering is. Om definitieve
conclusies te kunnen trekken over wat de beste methode van kwantificeren is,
zouden andere methoden op dezelfde manier getoetst moeten worden, zodat er een
vergelijking gemaakt kan worden. Hoofdstuk 8 omvat een studie waarin de klinische
relevantie van circulerende endotheel cellen (CE(P)Cs) en modulerende cytokines
in relatie tot progressie vrije overleving en algemene overleving in patiënten na
chemotherapie werd onderzocht. In tegenstelling tot andere chemotherapieregimes,
maar overeenkomend met eerder gepubliceerde preklinische muizenstudies (Shaked
et al. Cancer Cell 2008), werd er bij patiënten, behandeld met paclitaxel, al vier
uur na start van de behandeling een directe stijging in CE(P)Cs waargenomen. Deze
directe veranderingen correleerden niet met respons op behandeling of overleving.
Na 7 of 21 dagen chemotherapie werd een grotere en consistente toename in
CE(P)Cs (p<0.01) waargenomen, onafhankelijk van het soort chemotherapie.
Veranderingen in CE(P)C aantallen op dag 7 correleerden met een toename in
tumorvolume na 3 chemotherapie kuren en voorspelden progressievrije overleving en
algemene overleving, onafhankelijk van tumortype en chemotherapieregime. Deze
bevindingen geven aan dat de late stijging in CEC/EPCs een algemeen fenomeen is
na chemotherapeutische behandeling. De correlatie met een klinische respons op
behandeling en overleving ondersteunt de biologische relevantie van deze cellen in
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prognose van oncologiepatiënten en benadrukt hun mogelijke toepassing als ’target’
van therapie.
Het fenomeen van een behandeling geïnduceerde stijging in EPCs vanuit het
beenmerg lijkt niet alleen toe te schrijven aan bepaalde chemotherapie soorten,
maar ook aan andere conventionele anti-kanker behandelingen. In hoofdstuk 9
zijn in studieverband, op dezelfde manier als in hoofdstuk 8, endotheel cellen en
groeifactoren gemeten in patiënten die behandeld werden met leverchirurgie of
radiofrequente ablatie bij levertumoren. Deze studie toont aan dat leverchirurgie
een onmiddellijke stijging in EPCs induceert, optredend binnen enkele minuten tot
uren na start van de chirurgische procedure en dat G-CSF een belangrijke rol lijkt te
spelen in het vrijkomen van deze cellen vanuit het beenmerg en het dirigeren van
deze cellen naar de tumor. Voor de kliniek houdt dit in dat deze cellen en ook de
inducerende substanties zoals G-CSF als nieuw doel van behandeling zouden kunnen
dienen. Dit biedt mogelijkheden voor nieuwe therapeutische aangrijpingspunten
en ondersteunt de meerwaarde van combinatie behandeling in de onmiddellijke
momenten na chirurgie, mogelijk al tijdens de chirurgische procedure, zodat
tumorrecidieven na leverchirurgie voorkomen kunnen worden.
Samenvattend, in dit proefschrift heb ik getracht aan te tonen dat endotheel
cellen verschillende functies kunnen bekleden in de behandeling van kanker. Ze
vertegenwoordigen een belangrijk doel van behandeling, als monotherapie,
maar ook als onderdeel van combinatie behandelingen. Omdat deze cellen ook
een belangrijke rol spelen in de fysiologie van de gezonde cellen, dragen ze ook
bij aan de VEGF remming geïnduceerde bijwerkingen. Inzicht en begrip van de
pathofysiologische mechanismen en management van de bijwerkingen is cruciaal
zodat de therapeutische potentiaal van dit soort middelen gewaarborgd kan worden.
Uiteindelijk, samenhangend met al deze functies binnen de tumorbiologie, zouden
deze cellen geschikt kunnen zijn als surrogaat biomarkers die respons op behandeling
en daarnaast ontwikkeling van resistentie zouden kunnen voorspellen. Voordat deze
laatste toepassing in de kliniek waargemaakt kan worden is het noodzakelijk dat er
in het wetenschappelijke veld uniformiteit betreffende de ware identiteit van deze
endotheel cellen en de beste methode van kwantificering bereikt wordt.
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Figure 1 | VEGF stimulates the production of mediators of vasodilatation, nitiric oxide
(NO) and prostacyclin (PGI2) through various pathways (see page 25).

Figure 2 | Vascular protective function of VEGF. VEGF stimulates endothelial cell
proliferation, endothelial cell protection, stimulation of synthesis of both anti- and
prothrombotic factors and a direct function on platelets (see page 29).
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Figure 3 | VEGF influences the thyroid hormones in the peripheral tissues via stimulation
of the cell surface receptor avb3 (see page 33).

Figure 3 | VEGF influences the thyroid hormones in the peripheral tissues via stimulation
of the cell surface receptor avb3 (see page 35).
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Figure 1 | Stress induced release of bone marrow derived progenitor cells (PC) and
growth factors (GF). A: Unchallenged situation: PC remain in the bone marrow, limited
incorporation of EPC in the tumor vasculature. B: Challenged situation: upregulation of
GF, release and homing of PC to the tumor, metastasis and pre-metastatic niches (see
page 47).
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Figure 3 | VEGF influences the thyroid hormones in the peripheral tissues via stimulation
of the cell surface receptor avb3 (see page 33).
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