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II BIologICal role of BMDCs In tuMor growth, 
response to therapy anD Metastases forMatIon: 
foCus on the tuMor stroMa
One of the important BMDCs which contribute to the tumor stroma are the MSCs. 
MSCs are pluripotent stem cells with a proven capacity of self-renewal and plasticity, 
being capable of differentiating into numerous cell types including  adipocytes, 
osteoblasts, chondrocytes, fibroblasts, perivascular and vascular structures [16-19]. 
The contribution of MSCs becomes apparent in cases of tissue repair, wound healing 
and inflammation. In these conditions specific endocrine signaling leads to mobilization 
of MSCs from the bone marrow and subsequent recruitment to the damaged site [20-
23]. The recruitment of MSCs to the tumor resembles this process of wound healing, 
where the actively growing tumor constantly produces paracrine and endocrine signals 
to mobilize the MSCs from the bone marrow [24-27].  MSCs have a specific trofism 
for tumors, since intravenously administered MSCs home specifically to the tumor [28-
30]. Once in the tumor microenvironment, MSCs can remain stem cell, or convert into 
tumor associated fibroblasts (TAFs), perivascular and vascular structures [1,31-33].

tHe ROLe OF MSCS in tUMOR GROWtH
MSCs have been found to stimulate tumor growth, enhance angiogenesis and promote 
metastasis formation (Figure 1). MSCs can enhance angiogenesis both directly via 
either direct contribution to the vasculature or perivascular cells, or via the secretion of 
pro-angiogenic factors [24,34-37]. Furthermore, MSCs can stimulate tumor growth via 
the paracrine release of a large spectrum of growth factors including VEGF, Il-6, HGF, 
IGF-1, CCL2, CCL-5, SDF-1a and anti-apoptotic cytokines [38-42]. This will stimulate 
proliferation and enhance angiogenesis both leading to enhanced tumor growth. 
Besides the well studied paracrine signaling via growth factors, MSCs have been found 
to secrete exosomes or microparticles which may be one of the unappreciated ways of 
signaling to the tumor microenvironment [43,44]. Besides these direct effects of MSCs, 
they are found to transform into TAFs in the tumor microenvironment. TAFs are found 
to facilitate tumor growth of various tumor cell lines in vivo by preventing apoptosis, 
stimulation of proliferation and stimulating angiogenesis [33,41,45]. Finally, MSCs 
are found to stimulate epithelial-to-mesenchymal transition (EMT) in various tumor 
models, including breast and prostate cancer [46-49]. This leads to a more invasive 
and aggresive type of cancer. 

I IntroDuCtIon 
It is becoming increasingly clear that the tumor micro-environment plays a key role in 
the behavior of the tumor. Besides the vasculature, the tumor microenvironment, also 
called the tumor stroma, includes fibroblasts, various perivasculature cells and the 
extra-cellular matrix. Most if not all solid tumors have some degree of tumor stroma, 
and the presence of reactive stroma is often an indicator of poor prognosis. 

Tumors actively modulate their micro-environment by recruiting inflammatory cells, 
tumor associated fibroblasts (TAF) and various types of bone-marrow derived cells 
(BMDCs) such the endothelial progenitor cells (EPCs), haematopoietic progenitor cells 
(HPCs) and mesenchymal stem cells (MSCs) [1-11]. This stromal compartment supports 
tumor growth, angiogenesis and metastasis formation. Furthermore it can influence the 
response to certain anticancer modalities. It was recently shown that BMDCs can act 
in an immediate “seek and repair” manner in response to (chemo)therapy, presumably 
in order to support tissue regeneration and enhance angiogenesis [4,6,10,11,11,12]. 
Thus, in addition to the direct effects of the therapy on the cancer, chemotherapy 
elicits a host response that can be tumor promoting [13]. The outcome will therefore 
be determined by the balance between the cytotoxic effects of chemotherapy on one 
hand versus the activation of the microenvironment on the other hand. The activation 
of the micro-environment might obfuscate the benefits of treatment and may actually 
induce resistance, facilitate disease progression and promote metastatic spread. The 
important role of the microenvironment in therapy response is further demonstrated 
by the fact that specific properties of stromal cells in the tumor-microenvironment are 
often an indicator of poor prognosis. In breast cancer patients for instance, the stromal 
gene expression within the tumor predicts resistance to preoperative chemotherapy 
[14]. The massive stromal compartment in pancreatic cancer is thought to cause the 
aggressive behavior and lack of response to chemotherapy [15]. 

In this introduction we provide an overview of preclinical and clinical studies evaluating 
the role of BMDCs in the tumor-host interaction and their influence on tumor growth, 
metastasis formation and response to therapy. We aim to  translate pre-clinical 
findings to the clinic by pointing out to the clinical implications these findings might 
have. Furthermore, studying the tumor-host interaction provides various new targets 
for therapy which can be used to improve conventional chemotherapy. 
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tHe ROLe OF tHe tUMOR StROMA in tHeRAPY ReSPOnSe
Finally, there is emerging evidence that tumor-stroma interactions modulate response 
to chemotherapy. Interactions between tumor cells and the surrounding stroma can 
modulate the response to chemotherapy via direct integrin binding or via the production 
of soluble factors such as interleukin-6 [62-71]. Addition of MSC to hormone-dependent 
breast cancer tumor in mice resulted in progression to hormone-independent growth. 
Furthermore epithelial-mesenchymal-transition (EMT), which can triggered by tumor-
stroma interactions, is associated with chemotherapy-resistance in various forms of 
cancer [72-76]. The important role of the tumor stroma was recently emphasized by the 
finding that increased stromal gene expression from reactive stroma within the tumor 
predicted resistance to  chemotherapy [77]. This suggests that antistromal agents may 
offer new ways to overcome resistance to chemotherapy.

Although the recruitment of MSC to the tumor has been clearly demonstrated in a variety 
of experimental models, there is currently no available way to quantify the number of 
MSC in human tumors because there are no unique set of markers which can stain 
these cells without concomitantly staining other mesenchymal cell types within the 
tumor stroma. MSCs have been quantified in the circulation and in the presence of a 
tumor the levels of MSCs in the circulation are substantially increased compared to 
healthy individuals [78]. 

III BIologICal role of BMDCs In tuMor growth, 
response to therapy anD Metastases forMatIon: 
foCus on angIogenesIs
It is now widely accepted that angiogenesis plays a major role in tumor growth, and 
also here BMDCs play an important role. 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 [79,80]. 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, BMDCs contribute to neovascularization [4,6,10-12]. 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 [81-84]. EPCs do not express the haematopoietic 
marker CD45, which makes it possible to differentiate these cells form haematopoietic 
progenitor cells (HPC). Although CD133 is broadly used as a marker for EPC, some 
controversy still exists on the use this marker for EPC [82]. Data from Case et al show 

FiGURe 1. MSCs are recruited from the BM to the micro-environment of solid tumors. In the 
microenvironment MSCs contribute to the tumor stroma and produce various growth factors to 
stimulate tumor growth, enhance angiogenesis and promote metastasis formation. 

In various in vivo models a growth stimulating effect of the MSCs has been described, 
including colon cancer, lung cancer, breast cancer, melanoma and lymphoma 
models[32,50-58]. In these studies co-injection of MSCs with tumor cells in a ratio 
between 1:10 to 1:1 significantly enhaced tumor growth. Interestingly in the manuscript 
of Karnoub et al, co-injection of MSCs in a 1:3 ratio only enhanced the tumor growth of 
one out of four human breast cancer cell lines in vivo [42]. Besides the effect on tumor 
growth, Karnoub et al showed that co-injection of MSCs  enhanced the metastasic 
potential of the tumor via the paracrine release of CCL5. The MSCs needed to be in 
the direct micrenvironment of the tumor to exert this effect.  CCL5 induced a transient 
change in the tumor cells making them more prone to metastasize [42]. In contrast to 
these data in some in vivo studies, injecting large amounts of MSCs (10:1 ratio with 
tumor cells), a growth inhibiting effect of the MSCs was seen [59-61]. Notably, the 
model used, namely in vitro compared to in vivo research and especially the number of 
MSCs used largely influences whether the MSCs are pro- or anti-tumorigenic. Overall 
in all these studies very large amounts of MSCs are directly mixed with the tumor cells 
before injection, physiological MSC concentrations in the tumor are difficult to measure 
due to the lack of specific markers, however presumably these levels will be much less 
dan 1:10. 
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directly contribute to angiogenesis by forming vessel lumens or whether they are ‘just’ 
pro-angiogenic cells located close to the blood vessel to assist in the nascent vessel 
formation is a subject of lively debate. 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% [2,10,100-107]. 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[2,84]. Most articles define EPCs as bone-marrow 
derived cells expressing vascular markers, including VE-Cadherin, VEGFR-2, CD133 
and CD31 and lack haematopoietic markers [6,81]. However, there is still a lack of 
consensus on the definition, origin and function of ‘the EPC’. It has been purposed that 
most of the cells referred to as EPCs are in fact bone-marrow derived pro-angiogenic 
haematopoietic cells [108,109]. 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 [2,3,11,110,111]. This reactive response 
of the host bone marrow acts 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 and metastasis formation. (Figure 2)

SeeK AnD RePAiR ReSPOnSe
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 
[112]. 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 VEGF-inhibiting agents or giving 
the VDA to Id-mutant mice, incapable of mobilizing EPCs, increased the necrotic 
area significantly [12]. 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 [113]. The 
release of BMDPC is not exclusively induced by VDAs. Other stress signals may 
induce similar effects [114]. We have found that, comparable to VDA treatment, 
patients who underwent liver surgery, also showed an increase in EPC levels within 

that CD34+CD133+VEGFR-2+ cells form haematopoietic progenitor cells in culture, 
were CD34+CD45- cells did form EPC [85]. In mice, CD133 is not well characterized, 
therefore CD117 is commonly used as a stem cell marker in preclinical studies [82]. 
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 [82]. Viable 
CECs may therefore reflect angiogenic activity. In contrast, apoptotic CECs may act as 
a surrogate marker for vascular damage. [86-90] In this introduction we will focus on 
the biological role of EPCs, reviews that focused on the role and use of mature CECs 
are cited here [82,91,92].

ReCRUitMent OF VARiOUS BMDC enHAnCeS AnGiOGeneSiS
In preclinical research it has been 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 [2,84]. Furthermore it was shown that VEGFR-2+ EPCs are capable of 
inducing the angiogenic switch leading to progression of micro-metastasis into macro-
metastasis [6]. Besides the VEGFR2+ EPCs, a heterogeneous population of pro-
angiogenic hematopoietic progenitor cells (HPCs) or hemangiocytes 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. 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 [4]. It was shown that the 
acute release of BMDC by paclitaxel-based chemotherapy also facilitates metastasis 
formation. The BMDC colonize both the tumor and the site of metastasis where they 
secrete MMP9 allowing invasion and metastasis [93]. Furthermore, Gr1+ and CD11b+ 
cells, including Tie-2 expressing monocytes (TEMs), tumor-associated macrophages 
(TAMs) and MSCs can catalyze angiogenesis by producing pro-angiogenic factors, 
act as ‘vascular bridges’ by guiding and connecting nascent blood vessels and finally 
acquire properties of endothelial cells and line blood vessels themselves [5,24,34-
37,94-97].  Selective loss of myelomonocytic cells results in impaired tumor growth 
and impaired angiogenesis [98,99]. 

COntROVeRSY On tHe COntRiBUtiOn OF ePC tO AnGiOGeneSiS
Despite numerous studies, controversy still exists on the relative contribution of the 
BMDCs to the tumor vasculature. Whether bone marrow-derived EPCs actually 
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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 chemotherapy [111]. 
Furthermore various types of MTD dosed chemotherapy seem to induce a release of 
endothelial progenitor cells in the drug free period [110,111]. However, this increase 
in EPCs is not seen with a metronomic, low dose, chemotherapy regimen [110]. 
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. Interestingly, 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. In mouse models 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 [11]. 
In addition to the vessel normalization theory [119] and the timing theory [120] 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. 

IV MeChanIsMs of BMDC release anD reCruItMent
BMDCs are mobilized from the bone marrow and home to sites of tumor 
neovascularisation in response to various cytokines, like stromal cell derived 
factor-1 a (SDF-1a), matrix metalloproteinase-9 (MMP-9), VEGF, Placental Growth 
Factor (PlGF), bFGF, EGF, and Granulocyte Colony Stimulating Factor (G-CSF) 
[2,3,11,113];[110,111];[5,7,121,122];[24-27]. 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 various BMDCs. SDF-1a is present in high concentrations in 
the bone marrow where it holds 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 

hours after the surgical procedure [115]. 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 
[116,117]. Recurrent or stimulated tumor growth following liver surgery may potentially 
be explained by this phenomenon [6,118]  and these findings point to approaches to 
reduce tumor recurrences following liver surgery. 

FiGURe 2. 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 premetastatic niches. 

A.

B.
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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 [7]. 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 [103].(table 1)

Chemotherapy, surgery and treatment with a VDA all cause an upregulation of SDF-
1a, VEGF and G-CSF within the circulation [11,12,111,113,117]. A causal relationship 
between the upregulation of these growth factors and the release of EPCs is therefore 
likely. Strikingly, concurrently with the rapid rise in EPC levels, an acute increase in SDF-
1a was exclusively seen, in both mice and patients, after administration of taxane-based 
chemotherapy, but not with other chemotherapeutics. This is suggestive of a key role 
for 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. [11]. 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 anti-angiogenic 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 [123-125]. However, no correlation could be found between the changes 
in these growth factors and the response to therapy  [125,126].  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 [127]. 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 [128]. Besides the release by growth factors and 
cytokines, the release of stem cells from the bone marrow depends on the sympathetic 
nervous system [129]. Dopamine inhibits the release of EPC through suppression of 
VEGF signaling and inhibition of MMP-9 synthesis [130]. 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 [131]. 
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MTD-chemotherapy a clear  mobilization was seen during the drug free periods [111] 
[143]. Besides as marker for patients treated with conventional chemotherapy, CECs 
and EPCs are evaluated in many trials for their predictive value in patients treated 
with anti-angiogenic agents. High baseline levels of CECs are found to correlate with 
a long progression-free survival (PFS) in breast cancer patients, with a  trend was 
seen towards a decrease in the patients who responded to therapy [144]. However 
in colorectal cancer patients either no correlation [145] or an inverse correlation was 
found, there high baseline CEC levels correlated with a poor prognosis [146] [147]. In 
renal cell cancer patients high baseline levels of EPCs predicted a poor progression free 
survival, interestingly in 2 articles an increase in respectively EPC or CEC levels during 
tyrosine kinase inhibiting therapy correlated with an improved progression free survival 
[148,149]. Concluding, many different results are found in different studies and whether 
changes in CEC and EPC levels can predict response to chemotherapy in an early 
stage clearly needs further investigation. It is important to realize that clinical decision 
making often requires a relatively high sensitivity and specificity of the biomarker. Large 
prospective trials are needed to validate the use as a biomarker. Importantly, no unique 
identifying marker for CECs/EPCs has been reported and functional characterization of 
the rare putative EPC population based on FACS phenotypes will be difficult to realize 
for a large dataset. Consensus on the exact nature of CECs/EPCs is needed to create 
a standardized, generally excepted methodology for enumeration of circulating CECs/
EPCs. At present, it seems unlikely that this will become true for CECs or EPCs. 

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 [119].  In preclinical 
studies changes in EPC levels could indeed be used to determine the OBD [150].  
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 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. 

Besides the recruitment of EPCs, irradiation of the tumor increases the recruitment of 
MSCs into the microenvironment. This is mediated via the release of both TGF-beta1 
and PDGF-BB  by the tumor in response to the tissue damage. Interstingly, inhibition of 
CCR-2 on the MSCs prevented the recruitment to the tumor [132]. Whether similar to 
the EPCs chemotherapy or other anti-cancer treatments also enhance the recruitment 
of MSCs is currently unclear. 

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 BMDCs 
and cytokines may serve as prognostic and predictive markers in the selection of 
patients for treatment. 

V ClInICal IMplICatIons
When assimilating all previously discussed preclinical and early clinical work a clear 
rational is put forward for effectively combining different treatment modalities. We will 
discuss opportunities to optimize the potential of combination treatment by a rational 
choice of agents, the use of new agents and an optimized treatment schedule. First of 
all we will discuss the use of EPCs and CECs as biomarkers. The use of biomarkers 
could significantly enhance treatment efficacy by determining the optimal biological 
dose, providing patient selection and providing a prognostic and predictive marker. 

Can CeCs anD epCs 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 
(CECs) and endothelial progenitor cells (EPCs) are increased in the blood of cancer 
patients and correlate with angiogenesis and tumor volume [87,88,110,111,133-141]. 
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. [87] Furthermore, after obtaining a 
complete remission CEC levels return to normal  [111,125,138,142]. 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. Different studies show that a decrease in CEC and sometimes also EPC 
count during chemotherapy predicts a good prognosis [89,111,143].  Interestingly after 



20

Chapter 1 General introduction

1

21

tABLe 2. Overview of the progression free survival in phase III trials combining chemotherapy with 
bevacizumab

MeAn PFS WitH 
BeVACizUMAB

MeAn PFS WitHOUt 
BeVACizUMAB

HR 
P-VALUe

Colon 
carcinoma 

Irinotecan Fluorouracil
Leucovorin [197]

10.6 months 6.2 months HR 0.54
p< 0.001

Breast 
carcinoma

Paclitaxel [152] 11.8 months 5.9 months HR 0.60
p< 0.001

Capecitebin [198] 4.86 months 4.17 months HR 0.98
p 0.86

Docetaxel [156] 8.8 months 8.0 months HR 0.72
p 0.01

Lung 
cancer

Paclitaxel – carboplatin 
[199]

6.2 months 4.5 months HR 0.66
p<0.001

Gemcitabine – Cisplatin 
[157]

6.5 months 6.1 months HR 0.82
p 0.03

Pancreatic 
cancer

Gemcitabine [200] 4.7 months 4.9 months p 0.99

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 [158-160]. Furthermore, Cacheux et al described a tumor growth acceleration 
following bevacizumab interruption for surgery. This could be explained both by an 
upregulation of pro-angiogenic factors by bevacizumab but also by the surgery itself 
[160]. 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 [119,161]. 
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, emphasis should be placed on those crucial 
moments of vessel normalization and expected EPC release. 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.

ChoosIng the rIght partners to enhanCe therapy 
effICaCy
Anti-angiogenic therapy has emerged as an additional treatment modality in clinical 
oncology for a number of malignancies. 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 [151-153]. 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 [154]. Additionally, in metastatic breast cancer 
the addition of bevacizumab to metronomic administered capecitabine as second line 
treatment did not result in a survival benefit [155] 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 [156]. Furthermore preliminary 
phase III data for lung cancer show that addition of bevacizumab to the combination 
of gemcitabine-cisplatin results in a smaller gain in PFS compared to the addition of 
bevacizumab to paclitaxel-carboplatin [157]. (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 [11]. 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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BLOCKinG tHe DOWnStReAM eFFeCtS OF BMDCS
Besides targeting the mobilization and the homing of the BMDCs new targets are being 
investigated targeting the downstream effects of the BMDCs. In the micro-environment 
BMDCs secrete various cytokines and growth factors which enhance tumor growth, 
angiogenesis and invasion as discussed earlier. 

One of these factors for which inhibitory agents are used in the clinic is MMP-9 [176]. 
Many early clinical trials have been performed with different types of MMP-9 inhibitors 
such as marimastat and batimastat [177]. In these trials many serious musculoskeletal 
toxicities were reported and these agents failed to prolong progression free survival 
(PFS) in phase III trials, even in patients with pancreatic cancer where the tumor 
stroma plays a major role [178-180]. However in preclinical models these agents were 
capable of enhancing the efficacy of chemotherapy, especially docetaxel [181]. 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. 

Furthermore, MSCs can enhance tumor growth, protect tumor cells from chemotherapy 
and enhance metastasis formation through the release of Il-6 and CCL5. MSCs enhance 
tumor cell migration and metastasis formation via the release of CCL5, blocking of 
CCL5 prevented this effect making it a potential target for therapy [42,182] Furthermore 
both MSCs and other stromal cells like TAFs, secrete Il-6 which activates the JAK2/
STAT3 pathway in the tumor cells providing a powerfull survival signal and reduction 
of apoptosis leading to drug resistance [52,183-185]. Inhibition of Il-6 production 
increases the sensitivity of solid tumors to various forms of chemotherapy in different 
mouse models [182,185,186]. A similar effect is seen when the complete migration of 
MSCs to the tumors is prevented by zoledronic acid. Prevention of the MSC migration 
prevents the promoting effects of MSCs on tumor cell migration via CCL5 and Il-6 [182]. 

Finally, integrin-mediated adhesion of the tumor cells to their micro-environment, 
including stromal cells and components of the extra-cellular matrix provides survival 
signals to the tumor cells and induces resistance to therapy [187,188]. Blocking of 
this integrin binding by e.g. VLA-4 antagonists can prevent the induction of resistance 
[189,190]. 

MODULAtinG tHe MiCRO-enViROnMent
Other inhibitors targeting the tumor stroma are imatinib and erlotinib. Two TKIs, mainly 
used to target recpectively c-kit or EGFR over expressing tumor cells. However as 
inhibitors of PDGFR and EGFR these drugs are also potential inhibitors of the tumor-

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.

BLOCKinG MOBiLizAtiOn
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 
[11]. 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. [162,163]. Addition of an 
antibody against CXCR4, CTCE-9908, enhanced the anti-tumor effect of docetaxel in 
both a murine prostate and breast cancer model [164,165]. 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 [166]. The use of CTCE-9908 as single agent is currently under investigation 
in a phase I/II study [167].  Next to the inhibition of the recruitment of BMDC to the 
tumor, the SDF-1a/CXCR4 axis is also involved in the recruitement of CXCR4+ tumor 
cells to sites of metastasis including the bone marrow. Many solid tumors express 
CXCR4  and migrate towards the SDF-1a gradient in the bone marrow leading to 
bone metastasis[168,169]. Inside the bone marrow the tumors are relatively protected 
from therapy by the surrounding stromal cells [170,171]. This provides evidence for 
a potential synergistic effect of anti-CXCR4/anti- SDF-1a  agents combined with the 
aforementioned agents, namely chemotherapy and surgery. Besides SDF-1a many 
other factors are involved in the release and homing of progenitor cells from the bone 
marrow to the tumor environment and form possible targets for therapy. 

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 [172]. 
Furthermore, it has been reported 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 [173,174]. In two xenograft 
models for breast cancer and colon carcinoma dopamine significantly enhanced the 
efficacy of respectively doxorubicin and 5-FU therapy [175]. These findings suggest 
that dopamine agonists could have a place in the treatment of cancer, especially when 
administrated concomitantly with chemotherapy or maybe even with surgery. 
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from a tumor favourable to a tumoricidal environment. 
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IntroDuCtIon
Chemotherapy remains the primary treatment for most disseminated cancers. 
However, the response to chemotherapy is often transient and development of 
resistance is one of the most significant obstacles to effective cancer therapy. Although 
various tumor-cell intrinsic mechanisms of drug resistance have been identified, it is 
becoming increasingly clear that the tumor micro-environment plays a key role in the 
development of drug resistance (reviewed in [1]). Whereas acquired tumor-cell intrinsic 
resistance develops over time, environment-mediated drug resistance is rapidly 
induced by signaling events from the tumor microenvironment and is likely reversible, 
since removal of the microenvironment restores the drug sensitivity [1]. The important 
role of the microenvironment in therapy response is further demonstrated by the fact 
that specific properties of stromal cells in the tumor-microenvironment are often an 
indicator of poor prognosis. In breast cancer patients for instance, the stromal gene 
expression within the tumor predicts resistance to preoperative chemotherapy [2]. The 
surrounding stroma is believed to modulate the response to chemotherapy by either 
direct cell-cell interactions with tumor cells, or by the local release of soluble factors 
such as interleukin-6, promoting survival and tumor growth [3-7]. 

Tumors actively modulate their micro-environment by recruiting inflammatory cells and 
bone-marrow derived cells (BMDCs) [8-10]. It was recently shown that BMDCs can 
act in an immediate “seek and repair” manner in response to therapy, presumably in 
order to support tissue regeneration [11]. A subgroup of these cells, Mesenchymal 
stem cells (MSCs), have gained much interest as mediators of cancer progression. 
MSCs are multipotent cells capable of differentiating into numerous cell types including 
adipocytes, osteoblasts, chondrocytes, fibroblasts, perivascular and vascular structures 
[12-15]. Although MSC are found predominantly in the bone marrow, resident MSCs 
have been described in various organs and a small population is retained in circulation 
[16]. The relevance of MSCs becomes apparent in cases of tissue repair, wound 
healing and inflammation. In these conditions paracrine signaling leads to mobilization 
of MSCs from bone marrow and subsequent recruitment to the damaged site [17-19]. 
Importantly, MSCs are recruited in large numbers to the stroma of developing tumors. 
Growing tumors constantly produce paracrine and endocrine signals mobilizing MSCs 
from the bone marrow [14,15,20,21]. In the tumor, MSCs are found to stimulate tumor 
growth, enhance angiogenesis and promote metastasis formation through the release 
of a large spectrum of growth factors and cytokines [13,22-24]. In this study, we 
addressed if MSCs are also involved in the development of resistance to chemotherapy. 
We investigated whether MSCs, recruited to the circulation by solid tumors, may play a 
role in the development of resistance to multiple types of chemotherapy. 

suMMary  
The development of resistance to chemotherapy is a major obstacle for lasting 
effective treatment of cancer. Here, we demonstrate that endogenous mesenchymal 
stem cells (MSCs) become activated during treatment with platinum analogs and 
secrete factors that protect tumor cells against a range of chemotherapeutics. Through 
a metabolomics approach, we identified two distinct platinum-induced polyunsaturated 
fatty acids (PIFAs), 12-oxo-5,8,10-heptadecatrienoic acid (KHT) and hexadeca-
4,7,10,13-tetraenoic acid (16:4(n-3)), that in minute quantities induce resistance to a 
broad spectrum of chemotherapeutic agents. Interestingly, blocking central enzymes 
involved in the production of these PIFAs (cyclooxygenase-1 and thromboxane 
synthase) prevents MSC-induced resistance. Our findings show that MSCs are potent 
mediators of resistance to chemotherapy and reveal targets to enhance chemotherapy 
efficacy in patients.

sIgnIfICanCe
Chemotherapy remains the primary treatment for most disseminated cancers. However, 
response to chemotherapy is often transient and the development of resistance is 
one of the most significant obstacles to effective cancer therapy. We now show that 
mesenchymal stem cells (MSCs) activated by platinum-based chemotherapy secrete 
two unique fatty acids that, in minute quantities, confer resistance to multiple types of 
chemotherapy. This highlights an, undesired role for stem cells in cancer treatment and 
reveals a potent effect of two relatively unknown fatty acids. Finally, our results reveal 
a therapeutic approach to enhance the clinical benefit of chemotherapy by blocking 
the release of these fatty acids from MSCs via inhibition of the cyclooxygenase-1 or 
thromboxane synthase.
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treated mice with daily subcutaneous injections of conditioned medium (CM) harvested 
from cultured MSC. When we pre-incubated cultured MSC with 1µM cisplatin for as 
short as 30 minutes and incubated for only 1 hour with serum free medium (SFM) and 
subsequently administered this CM+ to tumor bearing mice at the start of systemic 
treatment with cisplatin, we observed complete resistance to cisplatin for both the C26 
tumors and LLC tumors, whereas CM from untreated MSC (CM-) had no effect on the 
in vivo response to cisplatin (Figure 1e, F). Together, these data show that MSCs are 
rapidly activated by cisplatin to release systemic factors which subsequently induce 
resistance to chemotherapy.

PLAtinUM-ACtiVAteD MSCS COnFeR ReSiStAnCe tO VARiOUS 
CHeMOtHeRAPeUtiCS
To determine whether other chemotherapeutic agents could elicit the same MSC-
induced resistance response, we tested different types of chemotherapy in our tumor 
models. Interestingly, in vivo resistance was only induced by MSCs in combination 
with MTD administration of the platinum analogs cisplatin, oxaliplatin (10mg/kg) or 
carboplatin (100mg/kg), but not with 5-FU (100mg/kg) or irinotecan (100mg/kg) (Figure 
2A). We next tested CM obtained from MSCs incubated with 1mM of different types of 
chemotherapy. We found that only CM of MSCs pre-incubated with platinum-analogues 
for 30 minutes, followed by a serum-free medium (SFM) incubation of 2 hours were 
able to induce resistance. The CM of MSCs pre-incubated with 5-FU, irinotecan, 
paclitaxel or doxorubicin could not induce resistance in vivo (Figure 2B). Alternatively, 
we interrogated whether platinum-activated MSCs could provide protection against 
other chemotherapeutic agents. We therefore treated tumor-bearing mice with either 
5-FU or irinotecan in combination with daily subcutaneous injections of CM+ from 
cisplatin pre-incubated cultured MSC. Interestingly, we found that CM+ effectively 
induced resistance to both 5-FU and irinotecan (Figure 2C). To show that also the 
endogenous MSCs, present in the circulation of tumor-bearing mice, can be activated 
by platinum to secrete the resistance-inducing factors, we treated tumor bearing mice 
with cisplatin and after 30 minutes we harvested the MSCs from the circulation of these 
mice. These MSCs were subsequently injected subcutaneously into a recipient tumor-
bearing mouse concomitantly with irinotecan treatment, which does not activate MSCs 
to produce the systemic factors in vivo. Strikingly, we found that indeed these MSCs 
induced resistance to irinotecan (Figure 2D), showing that endogenous, circulating 
MSCs are activated by platinum-based chemotherapy to secrete the resistance-inducing 
factors. We therefore concluded that MSCs need to be activated by a platinum-based 
chemotherapeutic agent in order to confer resistance and that the secreted factor(s) 
induce resistance against various types of chemotherapy. The fact that the secreted 
factor(s) induce resistance to very different types of chemotherapy suggests a general 
mechanism of protection of the tumor at the level of apoptosis.

results
MSC inDUCe ReSiStAnCe tO CHeMOtHeRAPY
To test the hypothesis that MSCs confer resistance to chemotherapy, we established 
different murine tumor models in which we resembled the mobilization and recruitment 
of MSCs from the bone marrow to tumor. MSCs were harvested from the bone marrow 
of syngenic mice and injected intravenously in mice bearing a subcutaneous tumor. 
MSCs used were either freshly isolated from the bone marrow or cultured for 5-7 
passages to obtain a pure MSCs population before injection[25,26]. The cultured 
MSCs were analyzed by FACS analysis and the number of CFU-F was determined. 
Multi-lineage differentiation potential confirmed the true MSC phenotype (Figure S1A, 
B). The recruitment of MSCs to the tumor after intravenous injections has previously 
been demonstrated in a variety of animal models [27]. Consistently, 4 days after 
intravenous administration of 100,000 MSCs derived from GFP-positive mice, we 
found GFP-positive cells specifically in the subcutaneous tumors (0.05-0.1% of all 
cells). There was no detectable accumulation of MSCs in other organs such as lungs, 
kidney, spleen and liver (Figure S1C). In line with published data [22] administration of 
MSCs did not alter the growth kinetics of the tumor (Figure S1D). However, when the 
mice were treated with a commonly used chemotherapeutic agent, cisplatin (6mg/kg), 
we found that MSCs administered intravenously just prior to chemotherapy negated 
the anti-tumor effect of cisplatin in a dose-dependent manner (Figure 1A). Intravenous 
administration of as few as 50,000 MSCs abolished the anti-tumor effects of cisplatin 
and resulted in a tumor volume similar to the untreated controls (Figure 1A). These 
findings were reproduced in two independent, subcutaneous mouse tumor models 
(C26 colon carcinoma cells in Balb/c and Lewis Lung Carcinoma (LLC) cells in C57/
Bl6) (Figure 1B), and were obtained by using both freshly isolated MSCs and cultured 
pure MSCs. The size of the tumor did not affect the ability to induce resistance, in larger 
tumors a similar effect was seen (Figure 1C). 

MSCS inDUCe ReSiStAnCe in A SYSteMiC MAnneR
Given our observation that MSCs induce resistance to cisplatin and the notion that only 
a small number of MSCs engrafted in the tumors, we hypothesized that the induction of 
chemo-resistance is due to a paracrine or systemic effect instead of an effect requiring 
direct cell-cell interaction. To investigate this, we subcutaneously injected MSCs at a 
site distant from the tumor. Subcutaneous MSCs were even more potent in inducing 
resistance to cisplatin compared to the intravenous administered MSCs. As few as 
1000 MSCs injected subcutaneously in the other flank of the mouse than the tumor, 
could induce partial resistance to cisplatin chemotherapy (Figure 1D). To provide 
further support of a systemic effect we established in vitro cultures of mouse MSCs and 
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To investigate whether the release of chemoprotective factors in response to platinum-
based chemotherapy is a MSC-specific phenomenon we tested different cell types 
for their ability to induce resistance in response to cisplatin. Hematopoietic stem 
cells (HSC) and mature hematopoietic cells could not mimic the effects obtained with 
MSCs (data not shown). Next, we tested whether more differentiated mesenchymal 
cells could produce the protective factor(s) in response to cisplatin. We tested CM+ 
from Mouse Embryonic Fibroblasts (MEFs), fibroblasts (3T3), pre-adipocytes (3T3-
L1), differentiated adipocytes, pre-osteoblasts (MC3T3) and differentiated osteoblasts, 
we found that in addition to MSC only CM+ from MEFs could induce resistance in 
our mouse models. CM+ harvested from more differentiated cell lines did not induce 
resistance in vivo (Figure 2e). These findings indicate that only mesenchymal cells with 
a multi-lineage differentiation potential such as MSCs or MEF cells retain the capacity 
to secrete chemo-protective factors in response to platinum-based chemotherapy.  

SYSteMiC inDUCtiOn OF ReSiStAnCe ViA inDiReCt AnD ReVeRSiBLe 
PReVentiOn OF APOPtOSiS
We showed that a single dose of the CM+ was sufficient to induce resistance. However, 
the CM+ had to be administered within three hours after cisplatin treatment to exert the 
protective effect (Figure 3A), indicating that the protective factors in the CM+ intervene 
with the early effects of chemotherapy. Interestingly, the tumor-protective effect exerted 
by CM+ was reversible as omitting the co-administration of the CM+ during a subsequent 
cycle of cisplatin restored the sensitivity to chemotherapy (Figure 3B). We concluded 
therefore that the secreted factor(s) did not induce persistent changes in the tumor, 
but induced an acute and reversible protection of the tumor cells. Correspondingly, 
we did not find any changes in the amount of tumor stroma, microvascular density 

FiGURe 1. MSCs induce resistance to cisplatin in a paracrine fashion

FiGURe 1. MSCs induce resistance to cisplatin in a paracrine fashion. A. Tumor volume of 
C26 cells inoculated subcutaneously (sc) in balb/c mice, 4 days after treatment with either vehicle 
control, cisplatin (6 mg/kg) or cisplatin plus co-administration of 100,000, 50,000 or 10,000 MSCs 
intravenously (iv). Treatment was initiated when tumors reached a volume of 50-100 mm3. B. Tumor 
growth of Lewis lung carcinoma (LLC) cells inoculated subcutaneously in C57Bl/6 mice, either 
untreated or treated with cisplatin alone or with cisplatin plus 100,000 MSCs iv. C. Tumor volume 
of C26 cells, 4 days after treatment with either vehicle control, cisplatin (6 mg/kg) or cisplatin plus 
co-administration of 50,000 MSC intravenously (iv). Treatment was initiated when tumors reached 
a volume of 400-500 mm3. D. Tumor volume of C26 cells 4 days after treatment with cisplatin with 
or without co-administration of MSCs subcutaneously (sc) in the other flank of the mouse (10,000, 
1,000 or 100 MSCs). e. Tumor growth of C26 cells inoculated sc either untreated, treated with 
cisplatin alone or with cisplatin plus sc injections of 100µl of the CM+ or CM-. F. Tumor growth 
of Lewis lung carcinoma (LLC) cells either untreated, treated with cisplatin alone or with cisplatin 
plus subcutaneous injections of the CM+. The graphs depict representative results from 4 individual 
experiments. Student’s t-test, all compared to chemotherapy alone: non-significant (NS) p>0.05, * 
p<0.05, ** p<0.01, ***p<0.001. Data are expressed as mean +/-s.e.m. n=6 mice per group. See also 
Figure S1.
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or macrophages infiltration, evaluated by smooth muscle actin, desmin, vWf , F4/80 
stainings and rhodamin dextran injections (Figure S2A, B). However, both injection 
of MSCs and CM+ significantly reduced the number of apoptotic caspase-3 positive 
tumor cells by 50% to less than 2.5% (p<0.01 (student’s t-test)) in comparison to 5% 
in the tumors treated with cisplatin alone (Figure 3C). No difference in proliferation 
was observed as measured by Ki-67 (data not shown) or BrdU staining. (Figure 3D). 
The reduction in apoptosis is not due to a reduced exposure to chemotherapy. Similar 
chemotherapeutic exposure of the tumors was confirmed by pharmacokinetics (PK) of 
both cisplatin and irinotecan in plasma and tumor tissue. No differences were observed 
in the PK of cisplatin or in irinotecan (CPT-11) and it’s active metabolite SN-38 in the 
presence or absence of CM+. (Figure S2C). Therefore, altered pharmacokinetics of 
cisplatin or irinotecan could not account for the observed resistance. 

To evaluate whether the systemic factors induce resistance to the tumor cells directly, 
we established an in vitro model in which we either performed co-cultures of MSCs 
and tumor cells or treated the cultured tumor cells with chemotherapy in combination 
with the CM+ from the MSCs. We found that in vitro neither co-culture with MSCs, nor 
the CM+ could directly protect the tumor cells against chemotherapy and no induction 
of resistance was observed (Figure 3e). This suggests the requirement of secondary 
secreted host factors. Indeed, we found that plasma, obtained from non-tumor bearing 
mice one hour after administration of the CM+ did induce resistance to cisplatin 
and irinotecan in our in vitro system (Figure 3F). We excluded the requirement of 
a potential co-factor from the plasma by adding the CM+ to plasma from untreated 
mice. This could not induce resistance (data not shown). In conclusion, the induction of FiGURe 2. in response to platinum-based chemotherapy, MSCs induce resistance to multiple 

types of chemotherapy.

FiGURe 2. in response to platinum-based chemotherapy, MSCs induce resistance to 
multiple types of chemotherapy. A. Tumor volume of C26 cells 4 days after treatment with either 
oxaliplatin (10 mg/kg), carboplatin, irinotecan and 5-FU (all 100mg/kg) alone, or in combination with 
100,000 MSsC iv. B. Tumor volume of C26 cells 4 days after treatment with cisplatin alone or in 
combination with the CM from MSCs pre-incubated with different types of chemotherapy. C. Tumor 
volume of C26 cells 4 days after treatment with either 5-FU or irinotecan (both 100mg/kg) alone or 
in combination with sc injections of CM+ from cultured MSCs pre-incubated with cisplatin. n=3 mice 
per group D. 1,000 circulating MSCs, harvest from the blood of tumor-bearing mice 30 minutes 
after treatment with cisplatin were sc injected into tumor-bearing mice concomitantly with irinotecan 
treatment. Tumor growth of C26 cells either treated with vehicle control, irinotecan alone or irinotecan 
plus MSCs is plotted. e. Tumor volume 4 days after treatment with cisplatin in combination with 
sc injections of CM+ from the different cell types pre-incubated with cisplatin. Data are expressed 
as mean +/-s.e.m. n=6 mice per group. The graphs depict representative results from 3 individual 
experiments. Student’s t-test, all compared to chemotherapy alone: non-significant (NS) p>0.05, * 
p<0.05, ** p<0.01, ***p<0.001.
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FiGURe 3. induction of resistance via an indirect and reversible prevention of apoptosis.

resistance to chemotherapy is not mediated via a direct effect of the systemic factors 
on the tumor cells, but likely via the release of intermediate factor(s) by the host tissue 
in the plasma which then directly prevent the induction of apoptosis in the tumor cells 
by chemotherapy.

FiGURe 3. induction of resistance via an indirect and reversible prevention of apoptosis. 
A. Tumor growth of C26 cells inoculated sc either untreated, treated with cisplatin alone or with 
cisplatin plus CM+ injected at different time points after administration of the chemotherapy. B. 
Tumor growth of C26 cells inoculated sc either untreated, treated with cisplatin alone or with cisplatin 
plus sc injections of the CM+ during the first cycle of chemotherapy. During the second cycle of 
chemotherapy only cisplatin was administered in the latter two groups. C,D Immunohistochemical 
analysis of tumors 4 days after start treatment with cisplatin alone or combined with either MSCs or 
CM+. Apoptosis was measured  by staining for cleaved caspase-3 (C), proliferation was measured 
by BrdU (D), the percentage positive cells was determined for ten random fields per tumor. Scale 
bar 50µm.  e. Number of C26 cells (mean-s.e.m.) 24 hours after incubation in vitro with cisplatin 
(3µM) with or without co-administration of CM+. F. Number of C26 cells (mean-s.e.m.) 24 hours after 
incubation in vitro with cisplatin (3µM) or irinotecan (250µM) with or without co-administration of the 
plasma from mice 1 hour after administration of the CM+. Data are expressed as mean +/-s.e.m. n=6 
mice per group. The graphs depict representative results from 3 individual experiments. Student’s 
t-test all compared to chemotherapy alone non-significant (NS)  * p<0.05, ** p<0.01, ***p<0.001. See 
also Figure S2.

 

MSC-inDUCeD ReSiStAnCe iS MeDiAteD BY tHe ReLeASe OF 
POLYUnSAtURAteD FAttY ACiDS
In order to identify the resistance-inducing systemic factor(s) secreted by platinum-
activated mouse MSCs, we followed a systematic metabolomics approach of stepwise 
CM fractionations (Figure 4A) and tested each fraction for its ability to induce chemo-
resistance in vivo. First, CM+ was separated into two fractions based on size, using a 
5kD cut-off to roughly distinguish between proteins and metabolites. Only the fraction 
containing the components smaller than 5kD induced resistance (Figure 4B). Liquid-
liquid extraction was then performed which pointed to the presence of the active 
components in the apolar fraction (Figure 4A, B), suggesting the involvement of lipid-
like factors. We next performed aminopropyl-Si Solid Phase Extraction (SPE) to enrich 
for different lipid classes and found that only fraction B from CM+ retained the potential 
to induce resistance (Figure 4B, C). To characterize the differentially regulated CM 
metabolites in more detail, we subjected fraction B, enriched for free fatty acids (FFA) to 
UPLC-Orbitrap Mass Spectrometry (MS), which enables accurate mass measurement 
and thus determination of the elemental composition of identified components. A highly 
complex mixture was observed (Figure S3A) including 69 factors with a FFA elemental 
composition (table S1), 17 of which were differentially present in the CM+ compared 
to CM- (Figure 4D). To further reduce complexity, fraction B was separated by Ag-ion 
SPE based on the saturation level of the fatty acids. This resulted in two fractions which 
independently induced resistance in the mouse model (Figure 4G), suggesting that at 
least two factors are involved. MS experiments unambiguously identified the elemental 
composition of three masses: one differentially regulated FFA in fraction 3 and three 
FFAs in fraction 5 (Figure 4D, Figure S3 B-F, table S2). The chromatographic 
properties in combination with the elemental composition and spectral fragmentation 
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patterns by Orbitrap MS (data not shown) allowed us to propose that in fraction three and 
five the elemental composition C17H26O3 belonged to 12-oxo-5,8,10-heptadecatrienoic 
acid (KHT), whereas in fraction 5 C16H24O2 belonged to hexadeca-4,7,10,13-tetraenoic 
acid (C16:4 (n-3)) (Figure 4e, F). The identity of C15H22O2 could not be unambiguously 
determined. To confirm our findings, we injected tumor bearing mice with as little as 
2 pmoles of the KHT-precursor HHT, which is readily converted to KHT [28], and 2.5 
pmoles of the purified C16:4 (n-3)[29], and found that each of the platinum-induced 
fatty acids (PIFAs) individually induced complete resistance to cisplatin (Figure 4H), 
whereas a range of other poly-unsaturated fatty acids were inactive (Figure 4H, table 
S3). Notably, the pure PIFAs did not enhance tumor growth without the administration 
of cisplatin (Figure 4H). 

We were able to develop a sensitive MS assay only for 16:4(n-3) as we had access to 
the purified 16:4(n-3) whereas we unfortunately do not have purified KHT. Using this 
assay we evaluated the kinetics of the release of 16:4(n-3) by the MSCs in response to 
chemotherapy. Incubation of the MSCs with 1mM of the platinum compounds cisplatin, 
oxaliplatin en carboplatin resulted in a 2.5, 2.8 and 2.8 fold increase of 16:4(n-3) 
relative to CM-. In line with the in vivo experiments, incubating the MSCs with the same 
concentrations of other chemotherapeutics did not, or to a lesser extent, lead to an 
increase in 16:4(n-3) i.e., 5-FU increased 0.77 fold, irinotecan 1.74 fold, doxorubicin 
0.73 fold and paclitaxel induced a 1.55 fold increase compared to the CM-. When we 
incubated MSCs with increasing concentrations of cisplatin we found a dose dependent 
increase of 16:4(n-3) in the CM (Figure S3G). This shows that the platinum based 
chemotherapeutics are most powerful in inducing the release of 16:4(n-3), and that that 
effect is dose dependent.

FiGURe 4. Systematic fractionation of CM reveals that the secretion of distinct fatty acids 
induces resistance.  

FiGURe 4. Systematic fractionation of CM reveals that the secretion of distinct fatty acids 
induces resistance.  A. CM from mouse MSCs was stepwise fractionated by size, liquid-liquid 
and solid phase extraction resulting in a separation by lipid class. The free fatty acids were further 
fractionated based on degree of saturation. The ability of induction of resistance of each fraction 
was tested. B,G % change in tumor volume 4 days after start of therapy of C26 tumors, either 
untreated, treated with cisplatin alone or with one concomitant dose of the fractions of the CM+ or 
individual factors (sc). n=4 mice per group. C. Tumor growth of C26 cells either untreated, treated 
with cisplatin alone or cisplatin plus one concomitant dose of the fatty acid fraction (B) from CM+ 
or CM- (sc). D. Differentially regulated fatty acids in the CM+/CM- fraction B, fraction 3 and 5. The 
elemental composition as determined by high accuracy FTMS is shown in a heatmap. FC= Fold 
Change. e,F. Chemical structure of the identified PIFA. H. Tumor volume 4 days after treatment with 
the PIFAs alone, cisplatin alone or cisplatin plus one concomitant dose of either the identified PIFAs: 
(KHT), ((16:4)n-3), or similar omega 3 or 6 fatty acids as controls. n=6 mice per group. The graphs 
depict representative results from 2 individual experiments. Data are expressed as mean +/-s.e.m. 
Student’s t-test, all compared to chemotherapy alone  * p<0.05, ** p<0.01, ***p<0.001. See also 
Figure S3 and Tables S1-3.
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We confirmed these findings in vivo and found that indeed in our mice models in which 
we administrated the MSCs intravenously, addition of only two doses of indomethacin 
(2mg/kg) or ozagrel (20mg/kg) just before the chemotherapy, completely prevented the 
MSCs induced resistance (Figure 5B). The role of MSCs mediated fatty acid production 
in chemoresistance was further supported by the observation that in both C26 tumors 
and LLC tumors without the administration of additional MSCs indomethacin and 
ozagrel significantly enhanced the anti-tumor efficacy of cisplatin and oxaliplatin 
alone in vivo (Figure 5C, D, e, S4B, C). Interestingly, neither indomethacin or ozagrel 
alone had any anti-tumor effect when administered in this dosing schedule. Notably, 
indomethacin did not enhance the efficacy of cisplatin in vitro (Figure 5F), which could 
suggest that addition of indomethacin or ozagrel enhances the anti-tumor efficacy of 
cisplatin by preventing the platinum-induced activation and subsequent PIFA release 
by the endogenous MSCs in vivo. This is supported by the fact that indomethacin did 
not enhance the anti-tumor efficacy of irinotecan in vivo (Figure S4D). 

Concluding, these experiments indicate that specifically thromboxane synthase and 
COX-1, but not COX-2, inhibition prevented MSC-induced resistance and enhanced 
chemotherapy efficacy. These results therefore support the notion that inhibition of 
COX-1/TXAS pathways could provide a drugable target to prevent PIFA-induced 
chemoresistance.

eViDenCe FOR tHe CLiniCAL ReLeVAnCe OF MSC-inDUCeD ReSiStAnCe 
tO CHeMOtHeRAPY 
To validate our findings in cancer patients we first measured the levels of MSCs in 
whole blood in a group of fifty cancer patients with different types of tumors. We found 
a significant increase in MSCs levels in the peripheral blood of cancer patients with 
metastatic disease compared to cancer patients after radical resection of the tumor with 
no evidence of residual disease (Figure S5A). These findings indicate that MSCs are 
present in the circulation and therefore will be exposed to chemotherapy. Furthermore, 
the number of circulating MSCs is comparable to the number of MSCs sufficient to confer 
chemoresistance in mouse models. To demonstrate clinical relevance of our findings we 
isolated MSCs from the bone marrow of three healthy human volunteers. MSCs from 
each donor were cultured and characterized by FACS analysis, the number of CFU-F 
was determined and MSCs phenotype was confirmed by multilineage differentiation 
potential into chondrocytes, adipocytes and osteoblasts (Figure S5B, C). The results 
of these extensive characterizations were previously published [32,33]. MSCs from 
each subject were injected intravenously in nude mice bearing subcutaneously 
growing human MDA-MB-231 breast cancer cells. Each human MSC-isolate induced 
a similar cisplatin resistance as previously observed for mouse MSCs. Furthermore, 

MSC-inDUCeD ReSiStAnCe iS PReVenteD BY inteRVeninG WitH tHe COX-
1/ tHROMBOXAne SYntASe PAtHWAY
One of the identified PIFAs, KHT, is known to be a by-product of thromboxane A2 
synthesis. In response to various stimuli, often via an increase in intracellular calcium, 
phospholipases (PLA2 and PLC) become phosphorylated and subsequently release 
the large omega-3 and -6 fatty acids arachidonic acid (AA) and eicosapentaenoic 
acid (EPA) from the cell membrane. Intracellularly these are further processed by the 
cyclo-oxygenase (COX) pathway leading to the production of various prostaglandins, 
leukotrienes and via thromboxane synthase (TXAS) to thromboxane A2 [28,30]. All 
are rapidly acting and powerful lipids with broad systemic functions. To test whether  
intervening with this process could prevent resistance by the platinum-activated 
MSCs, we pre-incubated the cultured MSCs with various inhibitors targeting all the 
steps in the pathway, before the incubation of these MSCs with cisplatin. We used the 
phospholipase A2 inhibitors MAFP, DEDA and the selective cPLA2 (calcium dependent 
PLA2) inhibitor pyrrophenone, the phospholipase C inhibitors U73122 and D609, the 
intracellular calcium chelating agent BAPTA AM, the calcium pump inhibitors verapamil 
and nicardipine, the COX inhibitor indomethacin, the selective COX-2 inhibitor celecoxib, 
the selective COX-1 inhibitor SC560 and the thromboxane synthase inhibitors ozagrel 
and furegrelate. Strikingly, we found that pre-incubation with inhibitors of PLA2, COX-
1 and TXAS, or addition of an intracellular calcium chelator blocked the induction of 
resistance by platinum-activated MSC, whereas inhibition of PLC, the calcium pumps 
or COX-2 had no effect (Figure 5A). Notably, in the CM of MSCs pretreated with either 
indomethacin or ozagrel the PIFAs were significantly down regulated to levels lower 
than CM- (data not shown). When we added the PIFAs back to this CM and tested 
this CM in our mouse models this fully restored the ability to induce resistance (Figure 
S4A). This suggests that the release of the two PIFAs by the MSCs in response to 
cisplatin is mediated by an intra-cellular calcium mediated activation of PLA2 leading to 
the release of AA en EPA from the cell membrane which are the substrates for further 
conversion by COX and TXAS. In line with these findings, micro-array data, comparing 
untreated MSCs with cisplatin treated MSCs, showed no relevant differences in gene 
expression (data not shown). Furthermore, the prior observation that PIFAs are already 
released from MSCs almost immediately after exposure to cisplatin, within 1.5 hrs, 
also suggests that transcriptional regulation is less likely. Furthermore, as shown by 
western blots, the level of COX remained unchanged in the MSCs after treatment with 
cisplatin (data not shown). Together this suggests that the increased production of the 
PIFAs is due to an increase in the availability of the substrates. Thus far, 16:4 (n-3), 
has only been described to be formed via peroxismal oxidation from eicosapentaenoic 
acid (EPA) [31]. Given our results it is likely that similar to KHT, 16:4(n-3) functions 
downstream of the COX-TXAS pathway. 
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FiGURe 5. MSC-induced resistance is prevented by COX-1 inhibition.

treatment of these mice with weekly cisplatin for 5 weeks, showed that the protective 
effect of the MSCs, administered only before the first dosage of cisplatin, persisted 
during the following cycles of chemotherapy (Figure 6A,B). From these experiments 
we concluded that both mouse and human MSCs can induce resistance in response to 
cisplatin treatment when added to the circulation of tumor-bearing mice. Furthermore, 
mice treated with daily subcutaneous injections of conditioned medium harvested from 
cisplatin pre-incubated cultures of human MSCs (CM+) became completely resistant to 
cisplatin. CM from untreated human MSCs (CM-) had no effect on the in vivo response 
to cisplatin (Figure 6C). Through mass spectrometry we confirmed the presence of 
16:4(n-3) and KHT in the CM+ of activated human MSCs similar to PIFAs secreted by 
mouse MSCs (Figure S5D). Finally, we measured the levels of 16:4 (n-3) in plasma 
samples from 10 esophageal cancer patients treated with cisplatin-based chemotherapy 
and 10 breast cancer patients treated with non-platinum based chemotherapy. In an 
exploratory analysis we found a significant increase in 16:4 (n-3) hours after treatment 
with cisplatin-based chemotherapy compared to the patients treated with non-platinum 
based chemotherapy (p=0.04) (Figure 6D). Overall, based on the preclinical data 
and exploratory clinical data, these results indicate that our identified mechanism of 
resistance by MSCs via the release of PIFAs can be translated to the clinic. 

Fatty acids are also present in various food products and supplements. We found that 
our identified PIFA 16:4(n-3) is abundantly present in commercially available fish oil 
products (0.4-0.6µM 16:4(n-3)) and algae extracts (27µM 16:4(n-3)). Fish oil products 
are frequently used by cancer patients because of their perceived positive health 

FiGURe 5. MSC-induced resistance is prevented by COX-1 inhibition. A. Tumor volume 
of C26 cells 4 days after start of treatment. Mice were either untreated, treated with cisplatin alone 
or with cisplatin plus sc injections of the CM+ from MSCs pre-treated with the phospholipase A2 
inhibitors MAFP, DEDA and the selective cPLA2 inhibitor pyrrophenone, the phospholipase C 
inhibitors U73122 and D609, the intracellular calcium chelating agent BAPTA AM, the calcium pump 
inhibitors verapamil and nicardipine, the COX inhibitor indomethacin, the selective COX-2 inhibitor 
celecoxib, the selective COX-1 inhibitor SC560 and the thromboxane synthase inhibitors ozagrel 
and furegrelate. n=4 mice per group. B. Tumor growth of C26 cells either untreated, treated with 
cisplatin alone or with cisplatin plus MSCs with or without pre-treatment with indomethacin (2mg/
kg) or ozagrel (20 mg/kg) sc one day and one hour before cisplatin. n=5 mice per group. C,D,e. 
Tumor growth of C26 cells either untreated, treated with cisplatin (C,D) or oxaliplatin (e) alone, 
indomethacin (C,e) or ozagrel (D)  alone or with cisplatin and indomethacin (C), cisplatin and ozagrel 
(D) or oxaliplatin and indomethacin (e). Both indomethacin and ozagrel were administred sc one 
day and one hour before cisplatin or vehicle control at day 8 and 14 after tumor cell inoculation. 
n=8 mice per group. The graphs depict representative results from 3 individual experiments. F. In 
vitro cytotoxicity of cisplatin (3µM), indomethacin or cisplatin plus indomethacin. Indomethacin was 
administered at doses ranging from 1-100µM. Viable cells were counted 24 and 48 hour after start 
therapy. Data are expressed as mean +/-s.e.m. Student’s t-test, all compared to chemotherapy alone  
* p<0.05, ** p<0.01, ***p<0.001. See also Figure S4. 
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FiGURe 6. Human MSCs secrete the same PiFAs which induce resistance in a breast 
cancer xenograft model. A, B. Tumor growth of MDA-MB-231 cells treated with either vehicle 
control, cisplatin or with cisplatin plus 100,000 iv-injected human MSCs concurrently with only 
the first administration of the cisplatin (6mg/kg). Cisplatin therapy was repeated weekly (arrows). 
n=5 mice per group. C. Tumor growth of MDA-MB-231 cells either untreated, treated with cisplatin 
alone weekly or with cisplatin weekly plus 100µl CM+ (sc) from human MSCs derived from three 
healthy individuals. n=5 mice per group. The graphs depict representative results from 2 individual 
experiments. Data are expressed as mean +/-s.e.m. Student’s t-test, all compared to chemotherapy 
alone * p<0.05, ** p<0.01, ***p<0.001 D. 16:4 (n-3) levels were measured using mass spectrometry 
in plasma samples from esophageal cancer patients (n=10), treated with cisplatin-based therapy 
compared to breast cancer patients (n=10) treated with non-platinum based therapy. % change 
is shown between baseline and 2-4 hours after chemotherapy (Student’s t-test p=0.04). Data are 
expressed as mean +/-s.e.m. See also Figure S5

effects, such as preventing cachexia and cardiovascular events, anti-inflammatory 
properties, prevention of tumor growth and reduction of chemotherapy induced side-
effects [34-37], We hypothesized that the use of fish oil containing our identified fatty 
acids may have an adverse effect on the anti-tumor effects of chemotherapy. To test 
this we fed tumor-bearing mice either purified PIFAs or commercially available fish 
oil products and treated them with cisplatin. We found that orally administered, pure 
PIFAs induced resistance to cisplatin in our  tumor models (Figure 7A). Furthermore, a 
single oral dose of 100µl of either two different commercially available fish oil products 
or algae extracts resulted in a neutralization of the anti-tumor effects of cisplatin in both 
C26 and LLC tumors (Figure 7B, S6A). Administration of only fish oils or algae did 
not alter tumor growth (Figure S6B). Orally administered EPA, the main component 
of most fish oil products, which served as a control in both tumor models had no 
effect. Importantly, both fish oil products and the algae extract induced a complete 
resistance to chemotherapy at doses similar to the advised daily dose in humans. 
These results provide additional support for the clinical relevance of these fatty acids in 
the development of resistance to chemotherapy. 

DIsCussIon
Our study reveals an important mechanism of resistance to chemotherapy mediated by 
MSCs. We show that MSCs, activated by platinum-based chemotherapy secrete unique 
fatty acids that, in minute quantities, confer resistance to multiple types of chemotherapy. 
We identified two distinct PIFAs, namely 12-oxo-5,8,10-heptadecatrienoic acid (KHT) 
and hexadeca-4,7,10,13-tetraenoic acid (C16:4(n-3)), responsible for the induction 
of resistance by the MSCs. We tested the purified PIFAs in our mouse models and 
confirmed that they are extremely potent in inducing resistance to chemotherapy. In 
contrast, other related poly-unsaturated fatty acids had no effect.

FiGURe 7. Algae extracts and commercially available fish-oil products induce resistance to 
chemotherapy. A. Tumor volume of C26 cells, 4 days after treatment with either vehicle control, 
cisplatin (6 mg/kg) or cisplatin plus oral co-administration of respectively HHT and 16:4(n-3).  B. 
Tumor growth of C26 cells either untreated or treated with cisplatin alone or with cisplatin plus orally 
administered fish oil products, algae extracts or EPA, the main component of most fish oil products. 
Data are expressed as mean +/-s.e.m. n=6 mice per group. The graphs depict representative results 
from 2 individual experiments.  Student’s t-test, all compared to chemotherapy alone * p<0.05, ** 
p<0.01, ***p<0.001. See also Figure S7.

 

FiGURe 6. Human MSCs secrete the same PiFAs which induce resistance in a breast cancer 
xenograft model. 
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We provide several lines of evidence that point to the clinical importance of platinum-
based activation of MSCs in relation to therapy response. Firstly, MSCs are recruited to 
the circulation of cancer patients with a tumor in situ. Secondly, in different tumor-bearing 
mouse models circulating MSCs were activated by platinum-based chemotherapy in 
vivo and subsequently induced resistance to chemotherapy. These findings indicate 
that circulating MSCs will be exposed to chemotherapy at the start of treatment and that 
the number of circulating MSCs in patients with cancer is comparable to the number 
of MSCs sufficient to confer chemoresistance in mouse models. Thirdly, human and 
murine MSCs secrete the specific PIFAs KHT and 16:4 (n-3) upon stimulation with 
platinum drugs, and these PIFAs can indeed induce resistance in a human xenograft 
model. Fourthly, we found a significant increase in 16:4 (n-3) hours after cisplatin-
based chemotherapy in patients compared to patients treated with non-platinum-based 
chemotherapy. Finally, it is commonly observed that resistance to chemotherapy in 
patients develops at all sites simultaneously, which, albeit speculative, could support 
the presence of systemic factors such as the PIFAs described here being responsible 
for the induction of resistance. 

Platinum-based chemotherapy is the mainstay of care for multiple types of cancer 
including colorectal, ovarian, esophageal, testicular, lung and head and neck cancer 
[38]. Preventing the development of resistance in these patients will therefore be 
beneficial for a large group of patients. Interventions directed against either MSCs or 
the identified PIFAs may provide opportunities to enhance the efficacy of chemotherapy 
and prevent the development of resistance. Very little is known about the identified 
PIFAs, belonging to respectively the omega-3 and oxo-class of fatty acids. In general, 
omega-3 and oxo fatty acids, e.g., leukotrienes and prostaglandins, are biologically 
active lipids with specific receptors in both the cell membrane and nucleus. [27,39]. 
For KHT and 16:4(n-3) no receptors or downstream signaling pathways have been 
described. We show that the PIFAs do not induce resistance directly, but induce the 
release of intermediate factor(s) by the host tissue in the plasma which then directly 
prevent the induction of apoptosis of tumor cells by chemotherapy. 

By considering the mechanism of normal production of eicosanoids, we have been able 
to identify strategies to interfere with the production of the identified PIFAs, and our results 
indicate that this is a  highly effective method to prevent resistance to chemotherapy. 
We show that inhibition of intracellular calcium, PLA2, thromboxane synthase and 
COX-1, but not COX-2 inhibition prevent the release of PIFAs by MSCs. We show 
that the use of a COX-1 inhibitor or a thromboxane synthase inhibitor in combination 
with platinum-based chemotherapy significantly enhances the chemotherapy efficacy. 
In line with the somewhat disappointing outcome of multiple clinical trials that have 

been performed using COX-2 inhibitors in combination with chemotherapy [40,41], our 
findings suggest that inhibition of COX-1, thromboxane synthase or other enzymes 
leading to the production of these resistance-inducing PIFAs may be more effective. 

Finally, our findings may also have important implications for the current use of MSCs 
to promote tissue repair in clinical trials for cancer unrelated diseases such as immune 
disorders and cardiovascular diseases [42,43]. Our study demonstrates that MSCs can 
be specifically activated to secrete cytoprotective factors. This finding may be utilized 
in the design of clinical trials in which MSCs are used in various non-oncological 
diseases. Additionally, our findings may have implications for the use of commercially 
available fish oil products and algae by cancer patients during therapy. We show that 
orally administered fish oil products in doses similar to the converted advised daily 
dose in humans already induce resistance to chemotherapy in mice. The use of these 
products during chemotherapy treatment should therefore be avoided. 

In summary, our study identifies a systemic mechanism of resistance via activation of 
MSCs by platinum-based chemotherapy with the subsequent release of two specific 
resistance-inducing PIFAs. Our findings introduce important players to the field of 
chemotherapy resistance and indicate that the thromboxane synthase and COX-1 
pathway may be drugable pathways to prevent PIFA-induced chemoresistance. 
 
MethoDs suMMary
MSCS iSOLAtiOn AnD CULtURe 
Murine MSCs were isolated from the bone marrow or blood from syngenic mice using 
immunomagnetic selection and primary cell culture. Human MSC were isolated from 
BM aspirates from healthy donors and cultured as previously described [32]. This was 
approved by the Institutional Ethical Review Board of the UMC Utrecht and written 
informed consent was obtained from all donors. For identification, bone marrow from 
GFP+ mice (C57BL/6-Tg(UBC-GFP)30Scha/J mice (Jackson laboratories)) was used. 
MSC phenotype of the cultured MSCs was confirmed by FACS analysis and multi-
lineage differentiation.

MOUSe eXPeRiMentS 
All animal procedures were approved by the UMC Utrecht Animal Care Ethics 
Committee and are in agreement to current Dutch Law on Animal Experiments. C26 
colon carcinoma cells (1x106 cells), Lewis lung carcinoma (LLC) cells (0.5x106cells) 
and MDA-MB-231 cells (3x106cells) were subcutaneously (sc) implanted into balb/c, 
C57Bl/6 or athymic nude mice. Tumor size was assessed by caliper measurements, 
volume was calculated ((L x W2)*0.5). Chemotherapy was administered intraperitoneally 
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(ip), weekly at MTD level (cisplatin 6mg/kg, oxaliplatin 10 mg/kg, carboplatin, 5-FU 
and irinotecan at 100 mg/kg). Control mice received appropriate vehicles. MSCs 
(both cultured or freshly isolated from the bone marrow (BM) were administered either 
intravenously (iv) or sc at the start of chemotherapy treatment. Conditioned medium 
(CM) was harvested from the different cell types after 1 to 24 hours, from both untreated 
cells (CM-) and cells pretreated with different types of chemotherapy for ½ to 4 hours 
(CM+). 100µl of CM, or fractions was administered sc. KHT precursor 12-HHT [28], 
16:4(n-3) [29] and control fatty acids were tested as described in Supplementary Table 
3. Furthermore 2 commercially available fish oil products and homogenized extracts 
from Ulva Pertussa algae were tested. The inhibitors MAFP (100 µM), DEDA (100µM), 
pyrrophenone (1µM), U73122 (5µM), D609 (100µM), BAPTA AM (1µM), verapamil 
(10µM), nicardipine (10µM), indomethacin (10µM and 100µM), celecoxib (10µM and 
100µM), SC560 (1mM) ozagrel (1mM) and furegrelate (1mM) were tested in vitro, 
indomethacin (2mg/kg, sc) and ozagrel (20mg/kg sc) were also tested in vivo for their 
ability to interfere with the induction of resistance by MSCs.

FRACtiOnAtiOn AnD MASS SPeCtROMetRY AnALYSiS 
CM was systematically fractionated as depicted in Figure 4A, each fraction was 
assessed for the ability to induce resistance in vivo. Fractions from CM+ were 
compared to CM- by Ultra-high Pressure Liquid Chromatography coupled to Orbitrap 
mass spectrometer, differentially secreted substances were analyzed with 5ppm mass 
tolerance and subjected to database searches using Nature Lipidomics Gateway 
(www.lipidmaps.org) and tested individually.

in VitRO eXPeRiMentS
C26 cells were treated in vitro with cisplatin (3µM) or irinotecan (150µM) alone or 
combined with either CM+/CM- or with serum free medium supplemented with 4% 
plasma harvested from non-tumor bearing mice one hour after treatment with either 
CM+ or CM-..Cell survival for all experiments was determined by counting the number 
of viable cells, using trypan blue  exclusion,  24 and 48 hours after start therapy.

PAtient SAMPLeS 
Blood samples were collected from 43 cancer patients before receiving chemotherapy 
at the University Medical Center Utrecht, the Netherlands. The study was approved 
by the Institutional Ethical Review Board of the UMC Utrecht and written informed 
consent was obtained from all patients. Blood was collected in a Cell Preparation 
Tube. Peripheral blood mononuclear cells (PBMCs) and plasma were isolated. Plasma 
was stored immediately at -80°C. The PBMCs were washed once in RPMI and stored 
in 10% DMSO at -80°C until analysis. The number of MSCs in the PBMC fraction 

was quantified by flow cytometry, MSCs were defined as CD45-, CD90+, CD73+ and 
CD105+ and calculated to number of cells per mL blood using the mononuclear cell 
count. The levels of 16:4 (n-3) was determined in the citrate plasma samples of 10 
esophageal cancer patients and 10 breast cancer patients. 
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suppleMental eXperIMental proCeDures
iSOLAtiOn OF MSC 
C57Bl/6 and balb/c mice were used as bone marrow (BM) donors. In brief, BM cells 
were harvested by flushing femurs and tibias with Iscove’s Modified Dulbecco’s Medium 
(IMDM) (Invitrogen, Grand Island, NY). BM was either used for immunomagnetic lineage 
selection or for culturing of mesenchymal stem cells (MSC) in Mesencult supplemented 
medium (Stem cell technologies, Grenoble, France) Additionally, MSC were isolated 
by immunomagnetic selection from the blood of tumor-bearing mice. Human MSC 
were isolated from human BM aspirates from the iliac crest, obtained during standard 
hip operations or stem cell harvest procedures from three different donors. This was 
approved by the Institutional Ethical Review Board and written informed consent was 
obtained from all donors. [32]. In short, MNC were isolated from the bone marrow 
of healthy volunteers and cultured in αMEM medium supplemented with 100 U/ml 
penicillin and 100 ug/mL streptomycin (P/S), 10% FBS, 0.2mM L –ascorbic acid-2-
phosphate (Sigma-Aldrich), 2mM L-glutamine and 1ng/m: bFGF (Sigma Aldrich). For 
cultured mouse MSC passage 5-7 was used, for human MSC passage 3 cells were 
used. 

iMMUnOMAGnetiC LineAGe SeLeCtiOn 
A MACS lineage cell depletion kit mouse (Miltenyi Biotec, Bergisch Gladbach, 
Germany) was used for depletion of mature cells from mouse bone marrow or blood. 
The Lin- cells (stem/progenitor cells) were stained with CD45-PerCP rat IgG antibody 
(BD Bioscience, Franklin Lakes, NJ), incubated with Goat anti-Rat IgG microbeads 
(Miltenyi Biotec) and magnetically separated. Thereby three populations were obtained: 
the lineage positive, mature haematopoietic cells; the lineage negative CD45 positive 
immature, haematopoietic stem cells and the lineage negative CD45 negative MSC. 
Phenotypes were checked by flow cytometry. 

FLOW CYtOMetRY 
FACS antibodies were obtained from BD Biosciences, except human anti-CD105 
(Ancell, Bayport, MN). Murine MSC were determined to be CD5-, CD45R-, CD11b-, Gr-
1-, 7/4-. Ter-119- and CD45-. and Sca-1+, CD90+, CD106+ and CD44+. Human MSC 
were positive for CD13, CD29, CD44, CD49e, CD55, CD73, CD90, CD105 and the 
MHC markers b2-microglobulin and HLA-ABC. Human MSC were negative for CD3, 
CD14, CD19, CD31, CD34 and CD235a [32]. Levels of MSC in circulation of cancer 
patients were CD45-, CD90+, CD73+ and CD105+, and calculated to number of cells 
per mL blood using the mononuclear cell count.

COLOnY-FORMinG Unit-FiBROBLASt ASSAY
MNC isolated from the bone marrow of healthy volunteers were seeded in concentrations 
0.5, 1 and 2x106cells/25 cm2 in duplicate in the medium as described above under 
‘isolation of MSC’. After 10 days, colonies were fixed with ice-cold methanol and 
stained with Giesma stain (Sigma-Aldrich) for 15 min at room temperature. The number 
of colonies was scored, and the size of each colony was determined by measuring the 
diameter of the colony-forming unit-fibroblast (CFU-F) using AxioVision image analysis 
software (Zeiss, Munich, Germany). 

MSC MULti-LineAGe DiFFeRentiAtiOn 
Mouse and human MSC were characterized by multi-lineage differentiation into 
osteoblasts, adipocytes and for human MSC also chondrocytes as extensively 
described in a previous manuscript [32]. In brief, MSC were plated into differentiation 
assays using a defined commercially available NH differentiation medium for either 
chondrocytes, adipocytes or osteoblasts for the human MSC (Miltenyi Biotec). For 
the mouse MSC MesenCult Adipogenic Stimulatory Supplement for mouse (Stem 
cell technologies, Grenoble, France) was used for adipocyte differentiation, and 
for osteoblast differentiation DMEM supplemented with 10% FBS, 1% P/S, 0.5% 
L-glutamin, 10% L-ascorbic and 1% b-glycerophosphate 1M was used. For adipocyte 
and osteoblast differentiation MSC were plated in a 24 wells plate and cells were 
grown to confluence, then the normal medium was exchanged for the differentiation 
medium for respectively 3 weeks or 10 days.  Then the differentiated cells were 
stained with respectively Oil Red O or fast 5-bromo-4-chloro-3-indoxylphosphate/ 
nitroblue tetrazolium chloride (BCIP/NBT) substrate (Sigma-Aldrich, Zwijndrecht, The 
Netherlands). For the chondrocyte differentiation 2.5×105 cells were pelleted in 15mL 
polypropylene tubes by centrifugation at 150 g for 5 minutes. After 24h, the medium 
was replaced by the differentiation medium for 24 days. Then the cell pellets were 
fixed in 4% formalin, embedded in paraffin and sections were made and stained with 
Safranin O (Sigma-Aldrich).

tUMOR AnD MiCe MODeLS 
All animal procedures were approved by the UMC Utrecht Animal Care Ethics 
Committee and are in agreement to current Dutch Law on Animal Experiments. C26 
and LLC cell lines were maintained in DMEM (Invitrogen, Grand Island, NY) with 5% 
fetal calf serum and MDA-MB-231 was maintained in DMEM (Invitrogen) with 10% 
fetal calf serum. The cells were respectively implanted subcutaneously (sc) in balb/c, 
C57Bl/6 (both Charles River, Germany) or  athymic nude mice (Harlan, Netherlands) at 
a concentration of 1x106, 0.5x106or 3x106. Tumor size was assessed every two days by 
caliper measurements, using the formula width2 x length x 0.5. When tumors reached 
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50-100 mm3, weekly intraperitoneal (ip) chemotherapy treatment was initiated at MTD 
dose level (cisplatin 6mg/kg (PCH, Haarlem, The Netherlands), oxaliplatin 10 mg/kg 
(PCH), carboplatin 100 mg/kg (PCH), 5-FU 100 mg/kg (Ebewe pharma, Unterach, 
Austria) and irinotecan 100 mg/kg (Fresenius Kabi, Hampshire, UK). Control mice 
received appropriate vehicles. Concomitantly with the administration of chemotherapy, 
mice were treated with either one of the three bone marrow populations separated by 
immunomagnetic selection as described previously ((intravenously (iv)), or cultured 
MSC (iv or sc), or MSC derived from the circulation of syngeneic tumor-bearing 
mouse (sc), 100µl conditioned medium (fractions) (sc) from cultured MSC or 100µl 
fatty acids (sc). For the intervention studies, MSC were injected iv 6 days after tumor 
cell inoculation, followed by sc indomethacin (2mg/kg, Sigma) or ozagrel (20 mg/kg) 
(Cayman Chemical, Ann Arbor, Michigan, USA) at day 7 and 8: 1 hour before cisplatin 
treatment. KHT precursor 12-HHT [28] (Cayman Chemical) and 16:4(n-3) [29] were 
tested as single factors at 20nM and 25nM. Control poly-unsaturated fatty acids as 
described in Supplementary Table 1C: 13-oxo-9Z. 11E octadecenoic acid (13oxoODE 
- Cayman Chemical, all others Santa Cruz Biochemicals (Ca, USA). For all, 100µl was 
administered once sc or orally immediately after cisplatin administration. Furthermore 
2 commercially available omega-3/6 fish oil products were tested, for both 100µl was 
administered orally immediately after intravenous cisplatin administration. Finally, 
we administered 100µl of homogenized extracts from Ulva Pertussa algae in PBS. 
The Ulva Pertussa algae were kindly harvested from the Spuikom, near Oostende in 
Belgium by Dr. A. Cattrijsse from the Flanders Marine Institute (FLIZ). Each animal 
experiment was performed at least twice, in a minimum of 8 animals per group.

iDentiFiCAtiOn OF MSC in tHe tUMOR 
MSC from GFP+ mice (C57BL/6-Tg(UBC-GFP)30Scha/J mice (Jackson laboratories) 
were injected iv into tumor-bearing mice. Four days later, tumors were harvested and 
fixed in 4% formalin. Vibrotome sections (300 µm) of tumors and organs were stained 
with DAPI and ten random fields were evaluated for the presence of GFP+ cells using 
confocal microscopy (Zeiss LSM 510 META) at 40x magnification. 

COnDitiOneD MeDiA (CM) ASSAY
MSC, Embryonic Fibroblasts (MEFs) from C57Bl/6 mice, NIH 3T3 cells (fibroblasts), 
3T3L1 pre-adipocyte cells and NIH MC3T3 pre-osteoblast cells (ATCC) were cultured 
in 6-well plates, 100,000 cells/well. 3T3L1 and MC3T3 were differentiated using 
differentiation medium for either adipocytes  [44] or osteoblasts (Miltenyi Biotec). Part 
of the cells were pre-incubated with 1uM of cisplatin for 4 hours, then the medium was 
changed for 1 ml serum-free medium. After 24 hours, CM was harvested, filtered (0.22-
mm filter), frozen and when needed thawed and injected sc into mice (100µl/day). CM 
from cells pre-incubated with 1mM cisplatin is defined as CM+, CM from untreated cells 

is defined as CM-. Later we found that incubation with cisplatin for only 30 minutes 
followed by a 1 hour incubation of SFM was sufficient to obtain the resistance inducing 
CM. Different types of chemotherapy were tested: MSC were incubated with 1mM of 
either oxaliplatin, carboplatin, 5-FU, irinotecan, doxorubicin or paclitaxel all for ½ hour, 
followed by 2 hours of SFM incubation. For interventions MSC were pre-incubated 
for 30 minutes with MAFP (100 µM), DEDA (100µM), pyrrophenone (1µM), U73122 
(5µM), D609 (100µM), BAPTA AM (1µM), verapamil (10µM) and nicardipine (10µM), 
indomethacin (10-100µM) (Sigma), celecoxib (10-100µM) (Celebrex; Pfizer, USA), 
SC560 (0.1µM) (Cayman Chemical), ozagrel (1mM) (Cayman Chemical) or furegrelate 
(1mM) (Cayman Chemical) before incubation with cisplatin. This was repeated during 
incubation with cisplatin for ½ hr and in the SFM for 1 hr. As a control pure PIFA were 
added back to the CM from the MSC pre-treated with indomethacin or ozagrel and 
tested in vivo. CM samples were tested in vivo for their ability to induce resistance and 
were analyzed by MS analysis for the presence of the PIFA. 

iMMUnOHiStOCHeMiStRY
Tumors were harvested four days after start of therapy. For BrdU incorporation mice 
were pre-treated with BrdU (Sigma) 2mg/kg, 90 minutes before euthanasia. For IHC 
tumors were fixed in 4% formalin and embedded in paraffin. Sections were stained 
for caspase-3 (clone C92-605, BD Bioscience), ki-67 (clone SP-6, Neomarkers), 
BrdU (clone BU1/75 (ICR1), Abcam), SMA (clone 1A4, Sigma), desmin (clone 33, 
Biogenesis), vWf (DAKO), F4/80 (AbD Serotec,clone A3-1). Positive cells were scored 
by a blinded observer using a 24-point grid overlay. Five fields per tumor were randomly 
selected at a magnification of 20x. The percentage positive cells were determined for 
each field. For analysis of the microvascular density mice were injected with rhodamin 
(RITC)-labeled dextran (MW 2,000,000; Invitrogen, Carlsbad, CA) 30 minutes before 
euthanasia. Tumors were analyzed freshly by confocal microscopy and the number of 
vascular structures per field was counted.

in VitRO eXPeRiMentS
C26 cells were treated in vitro with cisplatin (3µM, the IC50 concentration) alone or 
combined with different concentrations of indomethacin (Sigma): 1, 10, 20, 50 and 
100µM. Furthermore, C26 cells were treated in vitro with cisplatin (3µM) alone or 
combined with the either CM+ or CM-. Next, C26 cells were cultured in serum free 
medium supplemented with 4% plasma harvested from non-tumor bearing mice one 
hour after treatment with either CM+ or CM- and then treated with either cisplatin (3uM) 
or irinotecan (150µM, the IC50 concentration). Cell survival for all experiments was 
determined by counting the number of viable cells, using Tryptan Blue exclusion, 24 
and 48 hours after start of therapy.
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WeSteRn BLOtS
Lysates were made from cultured MSC that were untreated or respectively 5, 10, 15, 
30, and 60 minutes after treatment with cisplatin. Cells were cultured in 6-wells plates. 
50µl of lysis buffer was used, followed by biorad protein assay to determine protein 
concentration (Biorad Laboratories bv, Veenendaal, The Netherlands). Equal amounts 
of total protein from all samples were subjected to a denaturating gel, blotted and 
probed for COX-1 (Cayman Chemicals), Actin (Santa Cruz, clone I-19) was used as a 
loading control.

PHARMACOKinetiC AnALYSiS
Mice were treated with cisplatin (6mg/kg) or irinotecan (100mg/kg) with or without co-
administration of the CM+. At various time points thereafter blood was collected in 1 mL 
EDTA tubes, tumors were harvest, weighed and snap frozen. Platinum and irinotecan 
concentrations (both CPT-11 and the active metabolite SN-38) were determined as 
previously described. [45-47].

ULtRAFiLtRAtiOn, LiqUiD-LiqUiD eXtRACtiOn, SOLiD PHASe eXtRACtiOn 
(SPe)
CM fractions were ultra-filtrated at 5000Da MWCO (Sartorius, Nieuwegein, The 
Netherlands). Polar and apolar components were separated by liquid-liquid extraction 
[48]. Fractions were subjected to aminopropyl-Si SPE (Alltech, Ridderkerk, The 
Netherlands).[49] Fraction B was further subjected to Ag-ion SPE (Supelco, Sigma 
Aldrich, Zijndrecht, The Netherlands) according to manufacturers’ protocol,  without 
prior esterification of fraction B, using solutions containing hexane:acetone in a ratio 
of 99:1 (1), 96:4 (2), 9:1 (3), acetone (4) and acetonitrile:acetone in a ratio of 6:94 (5). 
Collected fractions were evaporated and either dissolved in PBS (mice models) or in 
MeOH/H2O (UPLC-Orbitrap MS).

MASS SPeCtROMetRY
Samples were subjected to Ultra-high Pressure Liquid Chromatography (UPLC) coupled 
to Orbitrap mass spectrometer (Accela, LTQ-Orbitrap-XL MS both from Thermo Fisher 
Scientific, Breda, the Netherlands) using UPLC Acquity BEH C18 columns (Waters; 
15 cm x 2.1 mm; 1.7 µm, Fraction B) and Synergi Hydro RP columns (Phenomenex; 
25 cm x 2 mm; 4 µm, Fractions 3, 5) with a 25-95% B gradient in 19 minutes (A = 
0.1 M HAc; B = 90% (v/v) acetonitrile, 10% 2-propanol) at 350 µl/min [50]. MS data 
were acquired in negative mode and analyzed (Xcalibur Qual Browser) with 5ppm 
mass tolerance and subjected to database searches using Nature Lipidomics Gateway 

(www.lipidmaps.org). Patient plasma samples and CM’s were liquid-liquid extracted 
[51] and analysed using Single Reaction Monitoring on a triple-quadrupole MS (XEVO, 
Waters, St Quentin, France) supported by UPLC (Waters, Acquity).

PAtient SAMPLeS
Blood samples were collected from 43 cancer patients before receiving chemotherapy 
at the University Medical Center Utrecht, the Netherlands. The study was approved by 
the Institutional Ethical Review Board and written informed consent was obtained from 
all patients. Blood was collected in a Cell Preparation Tube (CPT) with sodium citrate 
(Becton Dickinson, Mountain View, CA). Isolation of the peripheral blood mononuclear 
cells (PBMC) and plasma occurred by centrifugation of the CPT tubes at 1600g at room 
temperature for 30 minutes. Plasma was stored immediately at -80°C. The PBMC were 
washed once in RPMI and stored in 10% DMSO at -80°C until analysis. The number of 
MSC in the PBMC fraction was quantified by flow cytometry as described above. The 
levels of 16:4 (n-3) were determined in the citrate plasma samples of 10 esophageal 
cancer patients and 10 breast cancer patients as described above.

StAtiStiCAL AnALYSiS
Data are expressed as mean ± standard error of the mean (SEM), the statistical 
significance was assessed by Student’s two-tailed t-test. p < 0.05 was considered 
significantly different.



70

Chapter 2 MSC induced-resistance via the release of PIFAs

2

71

FiGURe S1. related to Figure 1 FiGURe S2. related to Figure 3
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FiGURe S3. related to Figure 4

   FiGURe S2. related to Figure 3. A, B. Histological analysis of tumors 1 day after start of treatment 
with vehicle, CM+, cisplatin, or cisplatin plus CM+. (A) Microvessel density was measured by injecting 
the mice with rhodamin(RITC)-labeled dextran (MW 2,000,000) 30 minutes before euthanasia. 
Tumors were analyzed freshly by confocal microscopy and the number of vascular structures per 
field was counted (B) Macrophage influx was measured by F4/80 immunohistochemical staining, the 
percentage of positive cells for ten random fields per tumor. Scale bar 50µm. Data are expressed as 
mean +/-s.e.m. n=4 mice per group. Student’s t-test, all compared to chemotherapy alone * p<0.05, 
** p<0.01, ***p<0.001 C. Pharmacokinetics of cisplatin and the irinotecan (CPT-11) and the active 
metabolite SN-38 in plasma and tumor tissue (2 mice per time point). Concentrations are calculated 
per mL plasma or per ng tumor tissue. Data are expressed as mean +/-S.D.

 

   FiGURe S3. related to Figure 4. A. Fraction B contains a complex mixture of free fatty acids 
(FFA). The chromatogram shows an overlay of the CM-/CM+ TICs, indicating multiple changes 
upon cisplatin treatment.  B. Identification of an upregulated FFA in fraction 3 of the Ag-ion SPE. 
The chromatogram shows an overlay of the CM-/CM+ TICs. C. Manual inspection of the spectra 
led to the identification of C17H26O3 at m/z 277.18, for which the EIC is shown. D. Identification of 
two upregulated FFA in fraction 5 of the Ag-ion SPE fractionation, showing a TIC chromatogram 
superimposition of the CM-/CM+ fractions. e,F. Two FFA at m/z 233.15 (C15H22O2) and m/z 247.17 
(C16H24O2) were identified by manual inspection, for which the EIC is shown. EIC; Extracted Ion 
Chromatogram. TIC; Total Ion Current. m/z; mass to charge ratio. G. Concentration of 16:4(n-
3) (nmol/l) after incubation with increasing doses of cisplatin (µM), including a semifit non-linear 
regression line. 

 

   FiGURe S1. related to Figure 1. A. CD-marker profile and number of CFU-F of cultured mouse 
MSCs. B. Multilineage differentiation potential of mouse MSCs: differentiation into adipocytes 
and osteoblasts shown by respectively Oil Red O and fast 5-bromo-4-chloro-3-indoxylphosphate/ 
nitroblue tetrazolium chloride (BCIP/NBT) staining. Scale bar 500 µm. C. Detection of GFP+ MSCs 
in the subcutaneous (sc) tumors four days after intravenous (iv) administration of 100,000 MSCs. 
There was no detectable accumulation of MSCs in other organs such as lungs, kidney, spleen and 
liver. Scale bar 50 µm. D. Bone-marrow-derived syngeneic MSCs were injected iv into the tail vein of 
tumor-bearing mice. Tumor growth (means-s.e.m.) of C26 cells inoculated sc in Balb/c mice, either 
untreated or treated with 100,000 MSCs iv administered at day 8. Data are expressed as mean 
+/-s.e.m. n=4 mice per group. Student’s t-test, all compared to chemotherapy alone * p<0.05, ** 
p<0.01, ***p<0.001
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FiGURe S4. related to Figure 5. A.  Tumor volume of C26 cells inoculated subcutaneously (sc) 4 
days after start of treatment. Mice were either untreated, treated with cisplatin alone or with cisplatin 
plus sc injections of the CM+ from MSCs pre-treated with the COX inhibitor indomethacin (10mM) 
or the thromboxane synthase inhibitor ozagrel (1mM) or with cisplatin plus the CM+ from the MSC 
pre-treated with these inhibitors with add-back of the pure PIFA. n=4 mice per group. B,C. Lewis 
lung carcinoma (LLC) cells were inoculated subcutaneously in C57Bl/6 mice. Mice were either 
untreated, treated with cisplatin alone or with cisplatin combined with indomethacin (2mg/kg) (B) 
or ozagrel (20 mg/kg) (C) sc one day and one hour before cisplatin. D. Tumor growth of C26 cells 
inoculated sc in Balb/c mice, either untreated, treated with irinotecan (100mg/kg) or irinotecan plus 
indomethacin (2mg/kg) administered sc one day and one hour before cisplatin at day 8 and 14 after 
tumor cell inoculation. Data are expressed as mean +/-s.e.m. n=6 mice per group. Student’s t-test, 
all compared to chemotherapy alone * p<0.05, ** p<0.01, ***p<0.001

FiGURe S5. related to Figure 6.
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FiGURe S6. related to Figure 7

FiGURe S6. related to Figure 7. A. Tumor growth of LLC cells inoculated subcutaneously (sc) 
in Bl/6 mice, either untreated or treated with cisplatin alone or with cisplatin plus orally administered 
fish oil products, algae extracts or EPA. B. Tumor growth of C26 cells inoculated sc in balb/c mice 
treated with fish oil or algae extracts alone. Data are expressed as mean +/-s.e.m. n=5 mice per 
group. Student’s t-test, all compared to chemotherapy alone * p<0.05, ** p<0.01, ***p<0.001.

 

FiGURe S5. related to Figure 6. A. MSC levels were compared between patients with metastatic 
disease (n=29) or no evidence of disease (n=14), MSCs were defined as CD45 negative and CD90, 
CD73 and CD105 positive, Mann Whitney test p<0.05.B. FACS profile of cultured mouse MSC and 
number of CFU-F. C. Multilineage differentiation potential of mouse MSC: representative pictures 
of differentiation into chondrocytes, adipocytes and osteoblasts shown by respectively Safranin O, 
Oil Red O and fast 5-bromo-4-chloro-3-indoxylphosphate/ nutrobluetetrazolium chloride (BCIP/NBT) 
staining. Scale bar 500µm. D. MS data of representative CM samples from human MSC showing 
the relative peak area intensities KHT and 16:4(n-3). Upper panel: total ion current (TIC); Lower two 
panels: extracted ion chromatograms of KHT and 16:4(n-3), respectively. RT: retention time, NL; 
intensity of the dominant peak.
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tABLe S1. related to Figure 4. UPLC-Orbitrap Mass Spectrometry identification of free fatty acids 
(FFA) in the CM- and CM+ samples in SPE Fraction B.

The table shows the chromatography retention time, the observed molecular mass to charge ratio 
(m/z), the elemental composition determined by the accurate mass, the mass deviation in parts per 
million (ppm) and the FFA class of each component as assigned by Nature Lipidomics Gateway 
(www.lipidmaps.org).

tABLe S2. related to Figure 4. UPLC-Orbitrap Mass Spectrometry identification of free fatty acids 
(FFAs) in the CM- and CM+ samples in SPE Fractions 3 and 5.

T(min) inTens m/z (m-z)- Δppm Formula (sub)class

Fraction 3

18.06 2.90e+05 277.18103 c17H25o3 4.361 c17H26o3 oxo-fatty acids (F0106)

Fraction 5

18.03 2.91e+05 277.18103 c17H25o3 4.361 c17H26o3 oxo-fatty acids (F0106)

19.71 1.20e+05 233.15465 c15H21o2 4.476 c15H22o2 unsaturated fatty acids (F0103)

19.80 7.22e+04 247.17029 c16H23o2 4.181 c16H24o2 unsaturated fatty acids (F0103)

The table shows of each component the chromatography retention time, the observed molecular 
mass to charge ratio (m/z), the elemental composition determined by the accurate mass, the mass 
deviation in parts per million (ppm) and the FFA class as assigned by Nature Lipidomics Gateway 
(www.lipidmaps.org) 

tABLe S3. related to Figure 4. Overview of the tested free fatty acid (FFAs) compounds in the 
tumor mouse models.

sample compound Formula conc (nm)

1: eTi (8,11,14)-eicosatriynoic acid c20H30o2 100

(11,14,17) -eicosatriynoic acid c20H30o2 100

2: eTa (5,8,11)-eicosatrienoic acid c20H34o2 100

(5,8,14)-eicosatrienoic acid c20H34o2 100

(11,14,17)-eicosatrienoic acid c20H34o2 100

3: HHT 12-hydroxy-5,8,10-heptadecatrienoic acid c17H28o3 20

4: oxo-ode 13-oxo-9,11-octadecadienoic acid c18H30o3 20

5: 16:4 Hexadeca-4,7,10,13-tetraenoic acid c16H24o2 25
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suMMary
Several hypotheses have been proposed to explain how antiangiogenic drugs 
enhance the treatment efficacy of cytotoxic chemotherapy including impairing the 
ability of chemotherapy-responsive tumors to regrow after therapy. With respect to the 
latter, we show that certain chemotherapy drugs, e.g. paclitaxel, can rapidly induce 
pro-angiogenic bone marrow derived circulating endothelial cell (CEP) mobilization, 
and subsequent tumor homing, whereas others, e.g. gemcitabine, did not. Acute CEP 
mobilization was mediated, at least in part, by systemic induction of SDF-1α and could 
be prevented by various procedures such as treatment with anti-VEGFR2 blocking 
antibodies or by paclitaxel treatment in CEP-deficient Id-mutant mice, both of which 
resulted in enhanced anti-tumor effects mediated by paclitaxel, but not gemcitabine. 

sIgnIfICanCe
Chemotherapy remains the most commonly employed form of systemic cancer 
treatment. Although partial or complete shrinkage of tumor mass is frequently induced 
in chemotherapy-responsive tumors, the survival benefits of such responses can be 
compromised by rapid regrowth of the drug-treated tumors. Our results illustrate how 
rapidly activated systemic host processes involving induction of certain cytokines and 
mobilization of CEPs from the bone marrow, can contribute to recovery of drug treated 
tumors, and moreover, how this can be blunted by combination treatment with a VEGF 
pathway targeted antiangiogenic drug. The results also implicate that CXCR4/SDF-
1α in therapy-induced CEP responses mediated by certain chemotherapy drugs, and 
hence as a potential target for improving their anti-tumor effectiveness.

IntroDuCtIon
A number of phase III clinical trials involving bevacizumab, the humanized antibody 
against VEGF, in combination with chemotherapy administered at the maximum 
tolerated dose (MTD) have shown median overall survival (OS) or progression free 
survival (PFS) benefits in metastatic breast, colorectal and small cell lung cancers 
[1-3]. These trials include the use of 5-fluorouracil and irinotecan in first line colorectal 
cancer [1], paclitaxel in first line metastatic breast cancer [4], and paclitaxel plus 
carboplatin in the first line treatment of non small cell lung cancer [5]. Despite these 
successes, some other phase III trials utilizing bevacizumab co-administered with 
conventional chemotherapy failed to show OS or PFS benefits, e.g. when administered 
with gemcitabine for the treatment of pancreatic cancer [6]. Factors such as type of 
tumor, stage, prior treatment, bevacizumab drug dose, pharmacogenomic status, or 
the nature of the chemotherapy drug combined with bevacizumab could all be factors 
in explaining whether or not, and to what extent clinical benefit is attained. This serves 
to emphasize how little is known about the mechanism(s) of action of bevacizumab, 
and possibly other antiangiogenic agents, especially when co-administered with 
chemotherapy.

Several hypotheses to explain how antiangiogenic drugs act as chemosensitizing agents 
have been proposed. One of them – the vessel normalization hypothesis - is based on 
the observation that enhanced tumor vessel leakiness produces elevated interstitial 
fluid pressures in tumors which can impede the delivery and diffusion of certain anti-
cancer drugs. In addition the abnormal tumor vasculature is associated with reduced 
blood flow and perfusion, another function impending chemotherapy delivery, and also 
causing tumor hypoxia, which can cause resistance to chemotherapy and radiation. 
Treatment with certain antiangiogenic drugs can transiently reverse these abnormalities 
and enhanced chemotherapy (or radiation therapy) provided it is administered during 
the ‘normalization window’ [7,8]. An alternative or additional mechanism is related to 
the property of rapid tumor cell repopulation that can take place between successive 
MTD chemotherapy treatments. Addition of an antiangiogenic drug treatment during 
the chemotherapy drug-free break period should slow down tumor regrowth and thus 
increase the degree and durability of the tumor response [9,10].  A third hypothesis 
which essentially provides a mechanistic explanation to the second hypothesis, is 
based on our prior preclinical observations regarding the induction of CEP mobilization 
after treatment with a cytotoxic agent. We have demonstrated that lymphoma-bearing 
NOD/SCID mice treated with intensive 6-day cycles of MTD cyclophosphamide, 
separated by two week breaks, exhibited substantial increases in the viability and 
mobilization of CEPs post treatment after showing an initial decline during the cycles of 
therapy, a phenomenon which in some respect mimics the rebound of neutrophil counts 
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after treatment with myelo-ablative chemotherapy [11]. We suggested that such a 
mobilization effect in CEP levels may contribute to and facilitate tumor cell repopulation 
during the subsequent drug free break that is necessary to allow recovery from the 
toxic side effects of such therapy [11]. This could occur by intrinsically promoting tumor 
vasculogenesis/ angiogenesis, but also by suppressing the ability of chemotherapy to 
cause a local antiangiogenic effect in tumors by targeting the endothelial cells of the 
growing angiogenic neovasculature [9,12].

Chemotherapy-induced CEP mobilization is observed in patients treated with 
anthracycline and/or taxane-based neoadjuvant chemotherapy, i.e. increases in CEP 
levels observed at the end of the first and second cycles of chemotherapy treatment 
[13]. Furthermore, a surprisingly robust elevation in CEP levels has also been 
observed within hours of treatment with microtubule inhibiting cytotoxic-like vascular 
disrupting agents (VDAs) in mice [14].  We also found that CEPs and perhaps other 
bone marrow (pro-angiogenic) cells mobilized by VDA treatment, home to and colonize 
the remaining viable tumor rim commonly observed after treatment with a VDA. When 
an antiangiogenic drug, i.e. DC101, a VEGFR2 blocking antibody, was administered 
24 hours prior to the VDA, the VDA-induced CEP surge was largely blocked, and 
the residual viable tumor rim was significantly suppressed, which was followed by 
increased anti-tumor efficacy [15]. In addition, preliminary evidence for the induction 
of CEPs after VDA treatment has been reported recently in phase I clinical trials using 
the vascular disrupting agents ZD6126 or AVE8062 [16,17]. Overall, these findings 
suggest that CEPs can contribute to some and perhaps even much of the rapid re-
growth of tumors after treatment with a VDA. 

VDAs have a unique mechanism of action as a result of targeting the abnormal 
vasculature of tumors, causing massive tumor hypoxia and inducing tumoral necrosis. 
Such affects could help trigger the acute CEP mobilization and tumor homing response. 
We therefore decided to analyze the impact of conventional chemotherapy drugs, 
which lack such acute and potent vascular disruptive effects, to determine if such 
drugs – still the main stay of systemic therapy for metastatic disease – nevertheless 
have similar inductive effects on CEP mobilization, tumor homing, and hence assisting 
the ability of tumors to recover from the exposure to such agents. We also decided to 
assess whether different chemotherapeutic drugs have variable abilities in inducing 
CEP mobilization and whether targeted antiangiogenic drugs or other agents can block 
chemotherapy induced CEP responses and hence amplify their effectiveness.

results
ACUte inDUCtiOn in CeP LeVeLS in PeRiPHeRAL BLOOD OF MiCe tReAteD 
WitH CeRtAin CHeMOtHeRAPY DRUGS ADMiniSteReD neAR OR At tHe 
MtD.
To study the impact of chemotherapy on tumor growth and angiogenesis mediated 
by bone marrow derived CEPs, we asked, similar to our previous observation with 
VDAs, whether chemotherapy administered at the MTD can induce a rapid induction in 
levels of viable CEPs. To this end, non-tumor bearing BALB/c mice were treated with 
a number of different chemotherapy drugs administered near or at the MTD (in doses 
indicated in supplemental Table S1), and blood was drawn from the retro-orbital sinus 
4 and 24 hours later. CEP levels were evaluated  using flow cytometry methodology, 
as previously described [11,18]. The results in Figure 1 show that only certain drugs, 
e.g. most notably paclitaxel, 5-FU and docetaxel were found to cause acute elevations 
in viable CEP levels within 24 hours of a single bolus injection, whereas others failed to 
do this e.g., gemcitabine, cisplatinum, and doxorubicin. 

FiGURe 1. Levels of viable CePs in non-tumor bearing BALB/c mice treated with a variety of 
chemotherapy drugs near or at the MtD. 8-12 week old BALB/c mice (n=4-5 mice/group) were 
treated with 30mg/kg paclitaxel (PTX), 120mg/kg gemcitabine, (GEM), 40mg/kg docetaxel (DOC),  
11mg/kg vinblastine (VBL), 100mg/kg 5 fluorouracil (5-FU), 250mg/kg cyclophosphamide (CPA), 
6mg/kg cisplatinum (CDDP), 12mg/kg doxorubicin (DOX) or 100mg/kg irinotecan (CPT-11)  as also 
indicated in Table S1. Four and 24 hours later mice were bled via retro-orbital sinus for the evaluation 
of viable CEPs by four color flow cytometry. *, 0.05>p>0.01; **, p<0.01.
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tHe ADMiniStRAtiOn OF An AntiAnGiOGeniC DRUG PRiOR tO 
CHeMOtHeRAPY-inDUCeD CeP SPiKe, BLOCKS tHe RAPiD eLeVAtiOn in 
CeP LeVeLS.
For subsequent studies we focused on experiments using two distinct chemotherapy 
drugs given at MTDs, i.e. 50mg/kg paclitaxel which induced rapid and marked elevations 
in CEP levels and 500mg/kg gemcitabine which did not when administered to C57Bl/6 
mice. We first monitored levels of CEPs for up to 96 hours after chemotherapy drug 
injection in order to rule out delayed alterations in CEP levels. To do this, non tumor 
bearing C57Bl/6 mice were treated with either paclitaxel or gemcitabine at the indicated 
MTDs. Blood was drawn by retro-orbital sinus at several time points and processed for 
evaluation of viable CEPs. The results in Figure 2A demonstrate that levels of CEPs 
in paclitaxel group were rapidly increased within 24 hours and subsequently returned 
to the baseline levels by 48 hours. In contrast, levels of CEPs in gemcitabine treated 
group were maintained at baseline levels for the first 96 hours. Representative flow 
cytometry plots 4 hours after treatment are presented in Supplemental Figure S1A. 
Next, we asked whether similar to VDAs, the administration of DC101, an antiangiogenic 
anti-mouse VEGFR-2 monoclonal antibody [19] 24 hours prior to the chemotherapy 
can block the rapid induction in CEP levels. The results in Figure 2B show that when 
DC101 was injected 24 hours before either chemotherapy, this resulted in a diminished 
CEP spike in the paclitaxel treated mice. No significant differences in CEP levels were 
observed in mice treated with the combination of DC101 and gemcitabine. Similar 
results were obtained when G6-31, a monoclonal neutralizing antibody to both mouse 
and human VEGF [20], were used in combination with paclitaxel or gemcitabine 
(Supplemental Figure S1B).

tHe RAPiD eLeVAtiOn in CePS AFteR CHeMOtHeRAPY tReAtMent 
ReSULteD in BOne MARROW DeRiVeD CeLL COLOnizAtiOn OF tHe 
tReAteD tUMORS.
A growing body of evidence suggests that a number of different bone marrow 
derived cell types promote tumor angiogenesis and growth by various mechanisms. 
For example, hemangiocytes or recruited bone marrow circulating cells (RBCCs), 
and tie-2 expressing monocytes (TEMs) have recently been shown to reside at 
perivascular sites hence promote angiogenesis in a paracrine manner [21-25]. In order 
to track bone marrow cell homing and retention in treated tumors, experiments were 
undertaken using GFP+ bone marrow cells obtained from C57Bl/UBI/GFP mice which 
were transplanted into lethally irradiated C57Bl/6 mice [26]. Four weeks later, mice 
were used as recipients for an injection of Lewis-Lung carcinoma (LLC) cells. When 
tumors reached 500mm3, treatment with either bolus injected MTD paclitaxel or MTD 
gemcitabine was initiated. Three days later, tumors were removed for the evaluation of 

FiGURe 2. evaluation of CePs in mice treated with either paclitaxel or gemcitabine in 
combination with DC101. (A) 8-10 week old non-tumor bearing C57Bl/6 mice (n=4 mice/group) 
were treated with 50mg/kg paclitaxel (PTX),or 500mg/kg gemcitabine (GEM). Blood was drawn from 
the retro-orbital sinus at time points indicated in the figure, and processed for the evaluation of viable 
CEPs using flow cytometry. (B) In a separate experiment, mice were treated with paclitaxel (PTX) or 
gemcitabine (GEM) as described in (A), with or without DC101 given 24 hours prior to chemotherapy 
treatment. Blood was drawn via retro-orbital sinus and processed for the evaluation of viable CEPs 
using flow cytometry. *, 0.05>p>0.01; **, p<0.01. 
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GFP+ bone marrow cell colonization and incorporation into the tumor vasculature using 
both confocal microscopy and flow cytometry techniques, as described in Experimental 
Procedures. We detected numerous bone marrow derived GFP+ cells in tumors that 
had been treated with paclitaxel in clear contrast to gemcitabine treated or untreated 
control tumors. When DC101 was administered 24 hours prior to chemotherapy, a 
substantial reduction in the number of GFP+ bone marrow cells was observed in 
paclitaxel treated and untreated tumors. No differences in GFP+ cell numbers were 
observed in gemcitabine treated tumors (Figure 3A and Supplemental Figure S2A). 
Of note, the antiangiogenic effect of DC101 on local angiogenesis is insignificant within 
the first 3 days as previously demonstrated [27].  

Next, to further characterize some of the bone marrow cell types colonizing the 
tumors, tumors from all groups (n=5/group) were prepared as single cell suspension 
and subsequently stained for the evaluation of bone marrow derived endothelial 
cells, TEMs, and hemangiocytes using flow cytometry, as described in Experimental 
Procedures. The results in Figure 3B show significant increases in bone marrow 
derived endothelial cells as well as increases in hemangiocytes and TEMs (although the 
latter two did not reach significance) in the paclitaxel treated group. The administration 
of DC101 prior to chemotherapy treatment inhibited bone marrow cell colonization of 
tumors. Overall, these results suggest that paclitaxel treatment induces bone marrow 
derived cell mobilization and colonization of tumors and hence may promote tumor cell 
repopulation and angiogenesis by various mechanisms. 

enHAnCeD Anti-tUMOR AnD AntiAnGiOGeniC ACtiVitieS in MiCe tReAteD 
WitH PACLitAXeL PLUS DC101. 
To further characterize the anti-tumor and anti-angiogenic effects of the combination 
of paclitaxel plus DC101 in comparison to gemcitabine plus DC101, LLC tumors (n≥5 
tumors/group) were evaluated for volume, necrosis, and microvessel density, 3 days 
after either paclitaxel or gemcitabine treatment with or without prior administration 
of DC101. The results in Figure 4A-C and Supplemental Figure S2B demonstrate 
significant reductions in tumor volume and microvessel density, and increases in 
overall tumor necrosis in tumors treated with the combination of DC101 and paclitaxel 
in comparison to treatment with pacliatxel alone. In contrast, no significant differences 
were observed between gemcitabine treated and DC101/gemcitabine treated tumors. 
Also noteworthy is the observation that a single dose of paclitaxel reduced microvessel 
density - indicating damage to the tumor vasculature, where a single injection of DC101 
did not cause a drop in microvessel density (Figure 4B).

FiGURe 3. Homing and colonization of GFP+ bone marrow cells in LLC tumors after treatment 
with paclitaxel or gemcitabine in combination with DC101. C57Bl/6 mice (n=5 mice/group) that 
were previously lethally irradiated and subsequently transplanted with 107 GFP+ bone marrow cells 
obtained from UBI/GFP/C57Bl/6 mice, were used as recipients for a subcutaneous injection of LLC 
cells which were allowed to grow until they reached 500mm3, at which point treatment with paclitaxel 
(PTX), gemcitabine (GEM) with or without upfront treatment with DC101 was initiated. Three days 
later, tumors were removed and sections were prepared for the assessment of (A) GFP+ cells (in 
green) colonization of the tumors, CD31 staining (in red) as an endothelial cell marker, and blue 
arrows for colocalization of CD31 and GFP+ cells in the paclitaxel treated group (scale bars left 
20µm, right 50µm), or (B) the number of bone marrow derived GFP+ endothelial cells (BM EC), 
hemangiocytes (Hemangio), and TEMs colonizing the tumor using tumors prepared as a single cell 
suspension and evaluated by flow cytometry. 
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Next, to explore a long-term anti-tumor effect of DC101 when administered in combination 
with paclitaxel or gemcitabine, 5x105 LLC cells were subcutaneously implanted in the 
flanks of C57Bl/6 mice. When tumors reached 500 mm3, a single dose of DC101 was 
administered followed by paclitaxel or gemcitabine injection 24 hours later. The results 
in Figure 4D show that the combination of DC101 and paclitaxel resulted in a substantial 
anti-tumor effect manifested by a delayed tumor growth endpoint in comparison to 
tumors treated with gemcitabine alone, paclitaxel alone, or the combination of DC101 
and gemcitabine. Comparable results for long term enhanced treatment efficacy were 
obtained for the combination of paclitaxel and DC101 in C57Bl/6 mice bearing B16F1 
melanomas (Supplemental Figure S3A). Moreover, we did not observe enhanced 
treatment benefit when DC101 was administered prior to doxorubicin (which does not 
induce a CEP spike – see Figure 1) in C57Bl/6 mice bearing LLC (Supplemental 
Figure S3B). Overall, these results reinforce our hypothesis that the administration of 
an antiangiogenic drug just prior to a chemotherapy drug which is competent to induce 
a rapid CEP spike results in enhanced treatment efficacy whereas little or no enhanced 
anti-tumor activity is obtained when it is combined with a chemotherapy drug that does 
not induce such a CEP spike. 

SUPeRiOR Anti-tUMOR AnD Anti-AnGiOGeniC ACtiVitieS in iD MUtAnt 
MiCe tReAteD WitH PACLitAXeL COMPAReD tO MiCe tReAteD WitH 
GeMCitABine.
To further evaluate the treatment efficacy of paclitaxel can be enhanced in the absence 
of a CEP spike, we tested the anti-tumor effects of paclitaxel or gemcitabine in Id1+/-

Id3-/- mutant mice and compared the treatment effects to that observed in wt controls. 
Id mutant mice cannot mobilize CEPs [28], but are not deficient for other bone marrow 
derived pro-angiogenic cells such as TEMs, tumor associated macrophages, or tumor 
associated neutrophils [29]. Thus enhanced efficacy of the chemotherapeutic drug 

FiGURe 4. Assessment of LLC tumor volume, microvessel density, necrosis, and long-
term tumor growth in mice treated with paclitaxel, or gemctibine, in combination with 
DC101. 500mm3 LLC bearing C57Bl/6 mice (n=4-5 mice/group) were treated with paclitaxel (PTX), 
gemcitabine (GEM) in combination with DC101 administered 24 hours prior to the chemotherapy 
drug. (A) tumor volumes were assessed before and three days after treatment. The changes in 
tumor volume are shown. Three days after treatment tumors were removed and evaluated for (B) 
microvessel density after CD31 staining for vessel structure. Data presented as the number of 
vessel structures per field (n>10 fields / tumor), or (C) necrosis (in green) on H&E staining (scale 
bar, 100µm)(see Supplemental Figure S2B for summary of quantitative data). (D) In a separate 
experiment, LLC tumors implanted in C57Bl/6 mice were allowed to reach 500mm3, at which point 
treatment with paclitaxel, gemcitabine (administered at the MTDs) and DC101 was initiated. Tumors 
were measured regularly using a caliper, and tumor growth was plotted as per number of days from 
tumor cell implantation. *, 0.05>p>0.01; **, p<0.01. 
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can be ascribed directly to the lack of CEP mobilization, as opposed to inhibition of 
other VEGF responsive bone marrow derived cells. For this approach, LLC tumors 
implanted in mice were allowed to reach 500mm3, at which point treatment with either 
drug was initiated. Of note, a 3 day tumor growth delay at the 500mm3 point (20.3 days 
in Id mutant mice versus 17.2 days in wt mice, post tumor implantation) was observed 
in tumors grown in Id mutant mice in comparison to the respective tumors grown in 
wt mice, in line with previous publications [30,31] (data not shown). Three days after 
treatment, tumors (n≥5 tumors/group) were measured, and then removed for the 
evaluation of tumor hypoxia, vessel perfusion, micovessel density, cell proliferation and 
apoptosis. Consistent with our hypothesis, Id loss in the host animal had no influence 
on gemcitabine effectiveness as no significant differences in tumor growth, perfusion, 
hypoxia, or microvessel density were observed. In contrast, a significant decrease in 
tumor volume, accompanied by increases in tumor hypoxia, and reduction in blood 
perfusion and microvessel density, were observed in tumors grown in the Id mutant 
mice treated with paclitaxel compared to the wt mice (Figure 5A-C and Supplemental 
Figure S4A-C). In addition, we found significant increases in tumor cell apoptosis 
in the paclitaxel treated tumors grown in Id mutant mice, in comparison to tumors 
treated in the wt mice. No significant differences in tumor cell apoptosis or proliferation 
were observed in tumors treated with gemcitabine grown in Id mutant versus wt mice 
(Figure 5D and Supplemental Figure S4D-e). Overall, these results provide further 
evidence for the tumor growth enhancing role that acutely mobilized bone marrow-
derived cells may play with respect to those chemotherapy drugs which induce their 
mobilization, followed by subsequent homing to tumors. Blocking this chemotherapy-
induced host reactive process resulted in increased treatment efficacy. In previous 
studies using VDA treatment combined with DC101, these marked short term tumor-
associated differences were found to be predictive of long term anti-tumor effects 
including prolonged survival [32].

RApid induction in SdF-1α levelS mAy Account FoR the Acute cep 
MOBiLizAtiOn AFteR tReAtMent WitH PACLitAXeL.
To further assess the molecular mechanisms responsible for the acute paclitaxel-
induced CEP mobilization, plasma samples from non-tumor bearing C57Bl/6 mice (n=4 
mice/group) were obtained 4 hours after treatment with either paclitaxel or gemcitabine 
administered at the MTDs, and circulating VEGF-A, SDF-1α, and G-CSF levels were 
evaluated, as they are all known to mobilize bone marrow derived cells including CEPs 
[33-35]. As shown in Figure 6A, both gemcitabine and paclitaxel treated mice exhibited 
significant increases in circulating G-CSF plasma levels and decreases in VEGF-A 
plasma levels, although not to the same extent. However, levels of SDF-1α were 
significantly induced only in the paclitaxel treated mice in comparison to untreated 

FiGURe 5. Assessment of LLC tumor volume, hypoxia, perfusion, microvessel density, and 
tumor cell proliferation and apoptosis of tumors grown in id mutant mice or their wt controls 
after treatment with paclitaxel, or gemctibine. 500mm3 LLC bearing Id mutant mice were treated 
with paclitaxel (PTX) or gemcitabine (GEM). (A) tumor volumes were assessed before and three 
days after treatment. The changes in tumor volume are shown. Three days after treatment tumors 
were removed and evaluated for (B) vessel perfusion (in blue) and hypoxia (in green) (scale bar, 
50µm), (C) microvessel density (CD31 staining in red)(scale bar, 50µm),and (D) proliferation (in 
red) and apoptosis (in green)(scale bar, 50µm). ns, not significant; *, 0.05>p>0.01; **, p<0.01.  See 
Supplemental Figure S4 for summary of quantitative data, respectively.

control or gemcitabine treated mice. No increases in SDF-1α levels were also observed 
in C57Bl/6 mice (n=4 mice/group) 4 hours after they were treated with MTD doxorubicin 
which does not induce a CEP spike (Supplemental Figure S5)

Jin et.al., have recently reported that SDF-1α is stored in platelets, and thus 
hemangiocytes as well as other bone marrow cells expressing CXCR4 may rapidly 
mobilize from the bone marrow and promote angiogenesis in response to acutely 
induced SDF-1α secretion from circulating activated platelets [36,37]. To test this 
possibility, platelets isolated from non-tumor bearing C57Bl/6 mice were incubated in-
vitro for 4 hours with either 5µM paclitaxel or 50µM gemcitabine, as previously reported 
[38]. Subsequently, platelet cell lysates were generated, and the concentration of 
SDF-1α content was evaluated by ELISA. No significant differences were observed 
between any of the groups (data not shown). Next, since Jin et.al. [39] have reported 
that various cytokines may induce release of SDF-1α from platelets, we asked whether 
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paclitaxel may indirectly promote the release of SDF-1α from platelets. To this end, 
non-tumor bearing C57Bl/6 mice (n=4 mice/group) were treated with either paclitaxel 
or gemcitabine administered at the MTDs. After 4 hours, mice were bled by cardiac 
puncture, and platelets were isolated as described in Experimental Procedures. Levels 
of SDF-1α were evaluated on platelet lysates following normalization of protein content. 
The results in Figure 6B show that only in mice treated with paclitaxel was there a 
significant reduction in SDF-1α content in platelets observed, as opposed to similar 
SDF-1α levels in platelets obtained from untreated or gemcitabine treated mice. Taken 
together, these results suggest that paclitaxel may induce CEP spike, at least in part, 
by the acute release of stored SDF-1α from platelets.

neutRAlizing SdF-1α levelS enhAnceS the Anti-tumoR Activity oF 
CHeMOtHeRAPY-inDUCeD CeP SPiKeS.
With the aim of assessing whether SDF-1α can account for the rapid CEP mobilization 
observed after treatment with paclitaxel, non tumor-bearing C57Bl/6 mice were treated 
with neutralizing anti- SDF-1α antibodies (n=5 mice/group). Twenty-four hours later, 
mice were treated with either gemcitabine or paclitaxel, and 4 and 24 hours later 
evaluation of CEP levels was undertaken. The results in Figure 6C revealed that the 
SDF-1α neutralizing antibodies substantially blocked induction in CEP levels within 24 
hours in the paclitaxel treated mice. No significant differences were observed in mice 
treated with gemcitabine. To further assess whether blocking SDF-1α may enhance 
paclitaxel treatment efficacy, mice bearing LLC tumors were treated with a polyclonal 
anti-SDF-1α neutralizing antibodies 24 hours prior to either paclitaxel or gemcitabine 
treatment. Control mice were treated with non-specific antisera, as previously 
described [40,41]. The results in Figure 6D demonstrate that only in mice treated with 
the combination of SDF-1α neutralizing antibodies and paclitaxel was there evidence of 
enhanced anti-tumor efficacy. This enhancement was not observed when the SDF-1α 
neutralizing antibodies were combined with gemcitabine. Overall, these results suggest 
that the rapid increase in SDF-1α levels accounts for the acute CEP mobilization after 
paclitaxel treatment, and as such, SDF-1α neutralizing antibodies can be used as a de 
facto antiangiogenic/anti-vasculogenic-like treatment strategy.

incReASeS in cep And SdF-1α plASmA levelS induced in pAtientS 
tReAteD WitH PACLitAXeL 
The preclinical results we previously obtained using VDAs, i.e., rapid elevations in CEP 
levels within 4 hours after drug administration, have been reproduced by a number of 
clinical studies [42,43] (Personal Communication, Paul Nathan). The next aim, therefore, 
was to evaluate whether there is indication that our aforementioned preclinical results 
using chemotherapy are also observed clinically. To this end, a number of cellular and 

FiGURe 6. circulating levels of vegF-A, g-cSF and SdF-1α four hours after treatment with 
paclitaxel or gemcitabine and the impact of SdF-1α neutralizing antibody treatment on viable 
CePs and tumor growth. Non tumor bearing C57Bl/6 mice (n=4 mice/group) were treated with 
paclitaxel (PTX) or gemcitabine (GEM). Four hours later, mice were bled by cardiac puncture and 
plasma was collected. (A) Levels of murine VEGF-A, G-CSF and SDF-1α were analyzed by ELISA.   
(B) Analysis of SDF-1α content stored in isolated circulating platelets from C57Bl/6 mice, 4 hours 
after they were treated with paclitaxel or gemcitabine at MTDs. (C) Non-tumor bearing C57Bl/6 
(n=4-5 mice/group) mice were treated with SDF-1α neutralizing antibodies. Twenty-four hours later, 
mice were treated with paclitaxel (PTX) or gemcitabine (GEM). After 4 hours, mice were bled from 
the retro-orbital sinus for the evaluation of viable CEPs by flow cytometry. (D) In C57Bl/6 mice, LLC 
tumors were allowed to growth until they reached 500mm3, at which point the mice were treated 
with polyclonal SDF-1α neutralizing antibodies in combination with either paclitaxel or gemcitabine. 
Control mice received non-specific anti-sera treatment. Tumors were measured regularly using 
a caliper, and tumor growth was plotted as per number of days from tumor cell implantation. *, 
0.05>p>0.01; **, p<0.01.
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molecular assays were undertaken using clinical samples from cancer patients treated 
with chemotherapy in two different centers (the European Institute of Oncology, Milan, 
Italy, and University Medical Center Utrecht, Utrecht, The Netherlands). Cancer patients 
were treated with paclitaxel or paclitaxel-based therapy and the results were compared 
to patients who were treated with gemcitabine, doxorubicin-, or cisplatin-based therapies 
as indicated in detail in Experimental Procedures. The results in Figure 7A revealed 
that similar to our preclinical observations, levels of CEPs significantly and acutely 
increased (from baseline) in patients receiving paclitaxel-based therapy. Furthermore, 
significance was also reached when paclitaxel-based therapy was compared to the 
other treatment groups. In addition, plasma concentrations of SDF-1α, G-CSF and 
VEGF were evaluated 4 hours after paclitaxel-based therapy, compared to the plasma 
concentrations of patients treated with gemcitabine, doxorubicin-, or cisplatinum-based 
therapies. The results in Figure 7B revealed that only SDF-1α plasma concentrations 
were rapidly and significantly increased in patients treated with paclitaxel-based 
therapy in contrast to patients treated with other chemotherapies. A non- significant 
trend was observed in both G-CSF and VEGF plasma concentrations of either group. 
Overall, based on the preclinical data and the preliminary clinical data obtained, these 
clinical results indicate that our preclinical mechanistic explanation for the enhanced 
anti-tumor activity of bevacizumab when administered in combination with certain 
chemotherapy drugs may also hold clinically. Future prospective randomized clinical 
trials will be necessary to confirm this.  

DIsCussIon
Our results provide a new perspective regarding the impact that conventional 
chemotherapy can have on tumor angiogenesis and hence how a combination with 
antiangiogenic drugs may amplify the anti-tumor effects of chemotherapy. Previously, 
if anything, chemotherapy has been reported to have the potential to cause local 
tumor antiangiogenic effects by virtue of targeting cycling endothelial cells in sprouting 
angiogenic blood vessel capillaries within tumors [12,44,45]. But at approximately the 
same time, some chemotherapy drugs administered at MTDs can cause a systemic 
host mediated counter-regulating response from the bone marrow, comprised, at 
least in part, by acute mobilization of CEPs which subsequently has the potential 
to stimulate tumor angiogenesis and vasculogenesis. This host response may not 
only help abrogate the potential local antiangiogenic effect, but intrinsically stimulate 
tumor vasculogenesis/angiogenesis as well, and thus act to limit the duration of tumor 
responses induced by the cytotoxic chemotherapy drug treatment.

Our results also provide a potential explanation why not all chemotherapy drugs will 
necessarily have their efficacy enhanced by the addition of an antiangiogenic agent 

when the mechanism involves blunting CEP mobilization acutely induced by the 
chemotherapy drug. It should be noted that our experiments were conducted using 
only a single dose of DC101 prior to chemotherapy, for the purpose of inhibiting CEP 
mobilization, as we previously demonstrated with VDAs [46]. We have not tested the 
efficacy of repetitive combination treatments since it has already been demonstrated 
that DC101 has an anti-tumor effect due to antiangiogenic mechanisms, when 
administered in such a fashion as a single agent [47]. The results may also be pertinent 
to explaining some of the benefit of other therapeutic approaches which target CEPs. 
For example, the administration of chemotherapy at close regular intervals using low, 
non-toxic doses, with no prolonged breaks (“metronomic” chemotherapy)[48] not only 
avoids acute CEP mobilization but can even target CEPs [11,49]. It will also be of 
interest to determine whether and to what degree, other types of bone-marrow derived 
proangiogenic cells [22,24,50] may be induced (or suppressed) by MTD chemotherapy 
and thus potentially contribute to tumor recovery after treatment (or response). Notably, 
some of these populations, e.g. Gr1+/CD11b+ myeloid cells may not be suppressed 
by drugs which target the VEGF-A pathway of angiogenesis [51]. However, our 
experiments performed in Id mutant mice indicate that CEPs play the major role in the 
systemic response, as these animals are not deficient for other pro-angiogenic cells 
[29]. 

Our results raise a number of important questions relevant to antiangiogenic drugs 
and the impact of CEPs in tumor angiogenesis. For example, as antiangiogenic small 
molecule oral receptor tyrosine kinase inhibitors (RTKIs) which target multiple RTKs 
including VEGF receptors have not yet shown an ability to enhance the efficacy of 
conventional chemotherapy in phase III trials in contrast to bevacizumab [52], could 
this be due to an inability of such drugs to block CEP mobilization? In this regard, we 
have recently reported that one such drug, sunitinib, can cause marked elevations in 
multiple circulating growth factors, cytokines and chemokines in a dose-dependent 
and tumor independent fashion [53]. These factors include VEGF, PlGF, SCF, G-CSF, 
SDF-1α and SCF. Since the receptors for G-CSF and SDF-1α are not affected by 
sunitinib and both G-CSF and SDF-1α are known to mobilize CEPs [54-56], targeting 
VEGF receptors and c-kit using a drug such as sunitinib may not be sufficient to 
blunt chemotherapy-induced CEP spikes when they occur. Second, might our results 
help resolve some of the ongoing controversy regarding the importance of CEPs to 
tumor angiogenesis? Most studies have shown low [57] or even non-existent [58] 
incorporation of CEPs in tumor blood vessels in mouse tumor models [59]; however, as 
we previously reported for VDAs - which are not yet clinically approved drugs and are 
being tested only in small numbers of patients – some commonly used chemotherapy 
drugs such as paclitaxel can also cause a robust mobilization of CEPs which 



102

Chapter 3 Role of EPC release in response to chemotherapy 

3

103

damage to the tumor vasculature. In this regard, while VDAs are well known to cause 
damage to the tumor vasculature, such a property is less appreciated with respect 
to chemotherapy. However, there is an expanding literature of chemotherapy-induced 
damage to endothelial cells in the tumor vasculature [12,44,61] which in some cases 
can be very rapid [62](Personal Communication, Paul Nathan). Indeed our own results, 
represented here, indicate that MTD chemotherapy can cause rapid drops in tumor 
microvessel density, e.g., even after a single MTD dose as shown in Figure 4B.

Our preclinical results are supported by limited clinical observations testing levels of 
CEPs and SDF-1α, GCSF and VEGF plasma concentrations in cancer patients treated 
with chemotherapy using paclitaxel. Jin et.al. have recently suggested that elevated 
levels of SDF-1α induce mobilization of CXCR4+ cells from the bone marrow [63], 
among them perhaps CEPs as the majority of them express CXCR4 [64,65]. Based 
on our preliminary results, platelets could be one source of the released SDF-1α. 
The rapid induction of various cytokines may promote platelet activation and hence 
cause the release SDF-1α stored in platelets [66,67]. It has also been suggested that 
mobilization of activated megakaryocytes from the bone marrow niche can upregulate 
levels of SDF-1α [68]

Finally, it will be of interest to evaluate the contribution of the mechanism we have 
proposed here to account for antiangiogenic drug mediated enhancement of 
standard chemotherapy using drugs such as bevacizumab, relative to other proposed 
mechanisms such as transiently induced vessel normalization [69,70], or enhancement 
of the extent of local damage to the tumor vasculature mediated by chemotherapy, in 
the clinical setting. 

MethoD suMMary
BLOOD SAMPLeS OBtAineD FROM CAnCeR PAtientS
Blood samples were collected from cancer patients receiving chemotherapy. Sixteen 
patients with stage IV metastatic breast cancer were treated with either paclitaxel 
(n=8) or gemcitabine (n=8) at the European Institute of Oncology, Milan, Italy. The 
study followed the rules of the European Institute of Oncology Ethics Committee and 
written informed consent was obtained from all patients. In addition, four patients with 
ovarian cancer were treated with carboplatin and paclitaxel (paclitaxel-based therapy); 
five patients were treated with either doxorubicin monotherapy or in combination with 
cyclophosphamide (doxorubicin-based therapy) for respectively malignant sarcoma 
and breast cancer; and five patients with esophageal cancer were treated with the 
combination epirubicin, cisplatin and capecitebin (cisplatin-based therapy) at the 

FiGURe 7. levels of ceps as well as g-cSF, SdF-1α and vegF plasma concentrations 
in cancer patients 4 hours after they were treated with various chemotherapy drugs 
administered at the MtDs. Cancer patients (n=30) were treated with paclitaxel (n=8), paclitaxel 
plus carboplatin (n=4)(both of which designated as PTX-based therapy), gemcitabine (n=8)(GEM), 
epirubicin, cisplatin plus capecitebin (n=5)(ECX), or doxorubicin +/- cyclophosphamide (n=5)(Dox-
based therapy). Four hours later, patients were bled intravenously for the evaluation of (A) CEPs 
(n=12 for PTX-based, and n=18 for GEM/ECX/Dox-based therapies) as well as (B) G-CSF (n=3 
for PTX-based, and n=10 for ECX/Dox-based therapies), SDF-1α (n=12 for PTX-based, and n=15 
for GEM/ECX/Dox-based therapies) and VEGF (n=3 for PTX-based, and n=10 for ECX/Dox-based 
therapies) plasma concentrations. Results were normalized to the baseline level of each patient to 
reduce variability that may occur due to tumor type, stage, and values obtained from two different 
centers. *, 0.05>p>0.01; **, p<0.01.

subsequently can home to the drug-treated tumors and incorporate into newly forming 
vessels. Importantly, such incorporation may be influenced by damage to the tumor 
(neo)vasculature thus creating the physiologic need (‘signal’) for rapid replacement 
of damaged or destroyed endothelium in the tumor vasculature. Rapid mobilization of 
CEPs and homing to vessels damaged by adverse cardiovascular events [60] could 
be taken as a model for this host process in the context of cytotoxic drug-induced 
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clinic of the Department of Medical Oncology, University Medical Center, Utrecht, the 
Netherlands. The study was approved by the Institutional Ethical Review Board at The 
University Medical Center Utrecht and written informed consent was obtained from all 
patients. 

tUMORS AnD AniMAL MODeLS
Eight to twelve week old C57Bl/6 or BALB/c mice (obtained from the Jackson 
Laboratory West, Sacramento, CA) were treated with chemotherapy drugs. Lewis 
Lung carcinoma (LLC) cells (0.5x106) (ATCC, Manassas, VA)were subcutaneously 
implanted into immunocompetent C57Bl/6 mice (The Jackson Laboratory), or C57Bl/6 
mice previously irradiated and then transplanted with green fluorescent protein+ (GFP+) 
-bone marrow cells or were injected into Id1+/-Id3-/- (Idmut)  and wildtype C57Bl/6 mice. 
B16F1 melanoma cells (0.5x106) (ATCC, Manassas, VA) were implanted into the flanks 
of immunocompetent C57Bl/6 mice. Tumor size was assessed regularly with Vernier 
calipers by using the formula width2 x length x 0.5.  When tumors reached 500 mm3, 
treatment was initiated. All in vivo studies mice were randomly grouped (n=4-6/group). 
All animal studies were performed according to Sunnybrook Health Sciences Centre 
Animal Care Committee and Canadian Council on Animal Care (Toronto, Ontario, 
Canada) or Institutional Animal Care and Use Committee at Sloan-Kettering Cancer 
Center (New York, NY, USA).

DRUGS AnD MtD DRUG COnCentRAtiOnS
The following antibodies were used in-vivo for therapy: 800µg/mouse, DC101 (ImClone 
Systems Inc, New York, NY), which is a rat monoclonal blocking antibody specific for 
mouse VEGFR2/flk-1; and 50µg/mouse, monoclonal SDF-1α neutralizing antibodies 
(R&D systems, Minneapolis, MN); goat (polyclonal) anti-SDF-1α neutralizing antibodies 
or goat non-specific anti-sera control after Fc fragment digestion;  and 5mg/kg G6-
31, a monoclonal anti mouse/human VEGF neutralizing antibody (Genentech Inc., 
South San Francisco, CA ),  the doses of which were previously determined for optimal 
activity [71-74]. Chemotherapy drugs were administered near or at the maximum 
tolerated dose as indicated in (Supplemental Table S1). All drugs were administered 
intraperitoneally (i.p.) as a bolus injection. Control mice received the relevant vehicles. 
DC101, G6-31, and SDF-1α neutralizing antibodies when used with chemotherapy 
were given 24 hours prior to the chemotherapy drug injection.

FLOW CYtOMetRY
For preclinical evaluation of viable CEPs, blood was obtained from anaesthetized mice 
via retro-orbital sinus bleeding, and prepared for CEP labeling  using, as previously 
described [11,18].  For clinical samples, CEPs were evaluated in patients as described 

[59]. For detailed information see Supplemental Experimental Procedures. For the 
evaluation of GFP+ bone marrow derived cells, hemangiocytes, and TEMs resident 
in tumors,  100-300 µm of tumor tissue (n=5 samples/group) were prepared as single 
cell suspension as previously described [75]. Hemangiocytes were defined as (GFP+) 
CD45+/CXCR4+/VEGF-1+ [76]. TEMs were defined as (GFP+) CD45+/Tie-2+/CD11b+ 
[22]. Acquisition of at least 50,000 cells per sample was undertaken. All bone marrow 
cell types were plotted as the absolute cell number in 10,000 cells.  For all flow cytometry 
experiments, CD133 was purchased from Miltenyi Biotec Inc., Tie-2 is produced in-
house (Sunnybrook Health Sciences Centre), and VEGFR-1 was purchased from R&D 
systems. All other antibodies were purchased from BD Biosciences.

qUAntitAtiOn AnD ViSUALizAtiOn OF tiSSUe neCROSiS, HYPOXiA AnD 
VeSSeL PeRFUSiOn, tUMOR CeLL PROLiFeRAtiOn AnD APOPtOSiS
Tissue processing and immunohistochemistry were performed as described previously 
[77]. For detailed information see Supplemental Experimental Procedures.

MiCROSCOPiC iMAGe ACqUiSitiOn AnD AnALYSiS
Tumor sections were visualized under a Carl Zeiss Axioplan 2 microscope (Carl Zeiss 
Canada Inc. Toronto, ON, Canada). Images were captured with a Zeiss Axiocam digital 
camera connected to the microscope using AxioVision 3.0 software. The number of 
fields per tumor sample varied from 4 to 10, depending on the tumor size. Analysis of 
tumor hypoxia, perfusion and necrosis as well as tumor cell proliferation and apoptosis 
was carried out by calculating the fraction of the tumor area positively stained for 
the indicated parameter, using Adobe Photoshop 6.0 software (Adobe systems 
incorporated, San Jose, CA). For the analysis of microvessel density, the total number 
of vascular structures (CD31-positive) per  field were counted per each tumor sample. 
At least 10 fields per tumor representing all tumor area were taken (n≥5 tumors/group). 

AnAlySiS oF vegF-A, SdF-1α And g-cSF plASmA concentRAtion
Blood samples obtained by cardiac puncture of mice under anesthesia, or intravenously 
from cancer patients were collected either in Microtainer (Becton Dickinson, Franklin 
Lakes, NJ) plasma separating tubes (for mice) or EDTA tubes (for human) and 
centrifuged at 4°C, and subsequently stored at –70°C until assayed. Levels of mouse or 
human VEGF-A, SDF-1α and G-CSF were assessed by using commercially available 
sandwich ELISAs (R&D Systems). 

iSolAtion oF plAteletS And the AnAlySiS oF SdF-1α
Experiments were performed as previously described [78]. For detailed information 
see Supplemental Experimental Procedures.
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BOne MARROW tRAnSPLAntAtiOn
Experimental procedures were carried out as previously described [79]. For detailed 
information see Supplemental Experimental Procedures.

StAtiStiCAL AnALYSiS
Data are expressed as mean ± S.D. and the statistical significance of differences in 
mean values was assessed by the two-tailed Student’s t-test. Differences between 
designated groups compared to control-untreated group (unless indicated otherwise) 
were considered significant at values of 0.05 > P > 0.01 (*) or P < 0.01 (**). For human 
samples, data are expressed as mean ± SEM. Comparisons between baseline and 4 
hours after treatment were made using paired t-test. Comparisons between groups 
of patients treated with paclitaxel-based versus other chemotherapy-based therapies 
were made using unpaired t-test. Significance 0.05 > P > 0.01 (*) or P < 0.01 (**).

ACKnOWLeDGMentS
We thank Cassandra Cheng for her excellent secretarial assistance, for Petia Stefanova 
for her excellent technical help with tissue processing and immunohistochemistry, and 
for Genentech Inc. for kindly providing G6-31 antibodies for this study. This work was 
supported by grants from the National Institutes of Health (NIH), CA-41233 to RSK; 
NIH and Breast Cancer Research Foundation to RB; the National Cancer Institute of 
Canada and Canadian Institutes of Health Research  to RSK; the Associazione Italiana 
per la Ricerca sul Cancro (AIRC), Istituto Superiore di Sanità (ISS), and the sixth EU 
Framework Programme (Integrated Project “Angiotargeting” contract no. 504743) 
in the area of “Life sciences, genomics and biotechnology for health.”  to FB; and a 
sponsored research agreement with ImClone Systems New-York (RSK), and Dr. Saal 
van Zwanenberg Stichting fellowship to LD. LW and ZZ are employees of Imclone Inc. 

suppleMental eXperIMental proCeDures
CHeMOtHeRAPY DRUGS MAnUFACtUReR
The following chemotherapy drugs used in this study were purchased from the 
institutional pharmacy: paclitaxel (Apotex inc, Toronto, Ontario, Canada), docetaxel 
(Sanofi Aventis, Laval, Quebec, Canada), vinblastine (Mayne Pharma Inc, Montreal, 
Quebec, Canada), gemcitabine (Eli Lilly, Toronto, Ontario, Canada),  5-FU (Mayne 
Pharma Inc, Montreal, Quebec, Canada), cisplatin (Faulding Canada Inc, Montreal, 
Quebec, Canada), cyclophosphamide (Baxter Oncology GmbH, Mississauga, Ontario, 
Canada), irinotecan (Mayne Pharma Inc, Montreal, Quebec, Canada), and doxorubicin 
(Pharmacia Canada Inc, Mississauga, Ontario, Canada).

AnALYSiS OF CePS BY FLOW CYtOMetRY.
For preclinical evaluation of viable CEPs, blood was obtained from anaesthetized mice 
via retro-orbital sinus bleeding, and prepared for CEP labeling  using, as previously 
described [11,18].  For clinical samples, CEPs were evaluated in patients as described 
[59]. In brief, few minutes before and 4 hours after chemotherapy, blood was collected 
in EDTA tubes. Cell suspensions were evaluated after red cell lysis and labeling by 
flow cytometry, and acquisition of at least 105 (in mice) and 106 (in patients) events 
per sample were performed. Analyses were considered informative when adequate 
numbers of events (ie >50, typically 300-400) were collected in the CEP enumeration 
gates. At the European Institute of Oncology (Milan, Italy) CEPs were evaluated 
using FACSCanto and were defined as DNA (Syto16)+/CD45-/CD34+/VEGFR2+ 
[91] or DNA(Syto16)+/CD45-/CD133+/VEGFR2+ [92]. The kinetics of the two CEP 
populations did not significantly differ (data not shown). Supplemental Figure S6 
represents a flow cytometry plot of CEP analysis in patients. At the Department of 
Medical Oncology, University Medical Center (Utrecht, the Netherlands), CEPs were 
evaluated after isolation of mononuclear cell fractions that were subsequently stored 
at -70°C until analysis [93]. Samples were evaluated  using FACSCalibur II, and were 
defined as CD45-/CD31+/CD146+-/CD133+ [59]. In mice, CEPs were evaluated by 
FACS-LSRII or FACSCalibur II, and were defined as CD45-/CD13+/VEGFR2+/CD117+ 
[59]. 7-aminoactinomycin D (7AAD) was used to distinguish apoptotic and dead cells 
from viable cells [59].

qUAntitAtiOn AnD ViSUALizAtiOn OF tiSSUe neCROSiS, HYPOXiA AnD 
VeSSeL PeRFUSiOn, tUMOR CeLL PROLiFeRAtiOn AnD APOPtOSiS
Tissue processing and immunohistochemistry were performed as described previously 
[94]. Briefly, formalin-fixed, paraffin-embedded tumor sections (4 – 6 µm thick) were 
stained with hematoxylin and eosin (H&E). Necrotic tissue autofluorescence was 
detected in the fluorescein isothiocyanate (FITC) channel as previously described 
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[95]. Tumor cryosections (4 – 6 µm) were used for analysis of perfusion by use of 
the DNA-binding dye, Hoechst 33342 (40 mg/kg) (Sigma-Aldrich Canada Ltd., 
Oakville, ON Canada) and hypoxia by pimonidazole hydrochloride (60 mg/kg) (Natural 
Pharmacia International Inc., Burlington, MA) as previously described [96]. Hypoxia 
immunostaining was carried out using the anti-pimonidazole antibody Hypoxyprobe-1 
(1:200, Natural Pharmacia International Inc.) and its secondary FITC-conjugated 
rabbit anti-mouse (1:200, Jackson ImmunoResearch Laboratories Inc). In some 
experiments, vessels were immunostained with an anti-CD31 antibody (1:200, BD 
Biosciences, San Diego, CA) and its secondary Cy3-conjugated donkey anti-rat 
(1:200, Jackson ImmunoResearch Laboratories Inc., West Grove, PA). Proliferating 
cells were immunostained with a rabbit polyclonal  Ki-67 antibody (Vector Laboratories 
Inc., Burlington, ON, Canada), and its secondary Texas-Red conjugated goat anti-
rabbit  (1:200, Jackson ImmunoResearch Laboratories Inc)[97]. Apoptotic cells were 
detected by the terminal deoxynucleotidyl transferase–mediated dUTP nick end 
labeling (TUNEL) (Roche Diagnostics, Indianapolis, IN). Controls were immunostained 
with a secondary antibody alone.  

iSolAtion oF plAteletS And the AnAlySiS oF SdF-1α
Experiments were performed as previously described [98]. Briefly, blood was drawn 
from either treated or untreated C57Bl/6 mice by cardiac puncture and collected into 
sodium citrate tubes (BD Biosciences). To obtain platelet-rich plasma, 750µl blood 
was mixed with 450µl saline and subsequently centrifuged at 1000 rpm at RT for 5 
min. For in-vitro studies, supernatants containing platelet-rich plasma were incubated 
with paclitaxel or gemcitabine for 4 hours at RT, as described in the text. Platelets 
incubated with 5ng thrombin were used as a positive control (Sigma-Aldrich Canada 
Ltd). To measure SDF-1α content in platelets, platelet-rich plasma was centrifuge at 
2500 rpm for 5 min at RT. Pellets containing platelets were collected and cell lyses was 
performed. Samples were normalized according to their protein content measured by 
Bradford technique using 2% Bis Solution (BioRad Inc., Mississauga, ON , Canada), 
and subsequently subjected to a specific SDF-1α ELISA (R&D systems) followed by 
the manufacture’s  instruction. 

BOne MARROW tRAnSPLAntAtiOn
Experimental procedures were carried out as previously described [99]. Briefly, GFP+ 
bone marrow cells (107) isolated from femurs of UBI-GFP/Bl6 mice (The Jackson 
laboratory) were injected into the tail veins of 6-8 week old lethally irradiated (950 
rad) C57Bl/6 mice. After 3-4 weeks, recipient mice were bled from the orbital sinus to 
evaluate bone marrow transplantation efficiency using flow cytometry. Those that had 
>97% GFP+ peripheral blood cells were subsequently used as recipients for injection 
of LLCs. 

SUPPLeMentAL FiGURe S1. evaluation of CePs in mice treated with either paclitaxel or 
gemcitabine in combination with G6-31.  (A) Representative viable CEP enumeration by flow 
cytometry of non-tumor bearing C57Bl/6 mice, 4 hours after they were treated with either 50 mg/
kg paclitaxel (PTX) or 500mg/kg gemcitabine (GEM). Panel (a) shows the distribution of peripheral 
blood cells using forward scattered. (b and c) shows the localization of CD45 positive cells and 
the subsequent gating of circulating CD45-, and CD13+ or VEGFR2+ cells. Panel (d) presents the 
position of events from gate p3 on CD117, and subsequent gating (p4) positive to CD117. Panels 
(e-g) show the cell viability (7AAD- negative) from gate p4. (B) Non-tumor bearing C57Bl/6 mice 
were treated with 50mg/kg paclitaxel (PTX),or 500mg/kg gemcitabine (GEM) with or without G6-31 
antibodies administered 24 hours prior to chemotherapy treatment. Blood was drawn via retro-orbital 
sinus for the evaluation of viable CEPs using flow cytometry. ns, not significant; *, 0.05>p>0.01; **, 
p<0.01. 
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SUPPLeMentAL FiGURe S2. LLC tumors grown in GFP+ bone marrow transplanted C57Bl/6 
mice that subsequently underwent treatment with paclitaxel, gemcitabine in combination 
with DC101. LLC tumors in GFP+ bone marrow transplanted C57Bl/6 mice (n=5 mice/group)were 
allowed to grow until they reached 500mm3, at which point treatments with paclitaxel, or gemcitabine 
in combination with DC101 were initiated. (A) Evaluation of the number of GFP+ cells colonizing the 
tumor using tumors prepared as single cell suspension and evaluated by flow cytometry as described 
in Experimental Procedures. (B) A summary graph for  % of tumor necrosis (from Figure 4C) is 
presented. *, 0.05>p>0.01; **, p<0.01.

SUPPLeMentAL FiGURe S3. Long-term LLC or B16F1 tumor growth in C57Bl/6 mice treated 
with paclitaxel, gemcitabine, doxorubicin in combination with DC101. (A) 0.5x106 B16F1 
melanoma cells were implanted in the flanks of 8-10 week old C57Bl/6 mice (n=5 mice/group). Tumors 
were allowed to reach 500mm3, at which point treatment with paclitaxel, gemcitabine (administered 
at the MTDs) and DC101 was initiated. Tumors were measured regularly using a caliper, and tumor 
growth was plotted as per number of days from tumor cell implantation. (B) 0.5x106 LLC cells were 
implanted in the flanks of 8-10 week old C57Bl/6 mice (n=4-5 mice/group). Tumors were allowed to 
reach 500mm3, at which point treatment with 12 mg/kg doxorubicin and DC101 was initiated. Tumors 
were measured regularly using a caliper, and tumor growth was plotted as per number of days from 
tumor cell implantation.
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SUPPLeMentAL FiGURe S4. evaluation of perfusion, hypoxia, microvessel density, and 
tumor cell proliferation and apoptosis in  LLC tumors grown in id mutant and their wt controls 
after treatment with paclitaxel or gemcitabine. LLC tumors from Figure 5 were evaluated for 
percentages of (A) perfusion, (B) hypoxia, (C) microvessel density, (D)tumor cell proliferation, and 
(e) tumor cell apoptosis.  Summary graphs are presented. *, 0.05>p>0.01; **, p<0.01.

SUPPLeMentAL FiGURe S5. evaluation of VeGF, SDF-1 and G-CSF plasma levels after mice 
were treated with doxorubicin. non-tumor bearing C57Bl/6 mice (n=4 mice/group) were treated 
with 12mg/kg doxorubicin (DOX). Four hours later, mice were bled by cardiac puncture and plasma 
was separated and analyzed using ELISAs specific for VEGF, SDF-1 and G-CSF.

SUPPLeMentAL FiGURe S6. Representative enumeration of ceps assessed by flow 
cytometry in a breast cancer patient. Panel A shows the physical cell parameters, and the 
localization of CD34+ cells (in red, as gated in Panel B) as lymphoid-like cells. Panel C shows how 
CD34+ cells were subsequently gated and analyzed as two distinct populations of CD34+CD45- 
(most likely containing true CEPs according to Case et al) and CD34+CD45+ cells. Panels D 
and e show the negative controls. Panels F, G, and H show the frequency of CD34+CD45- cells 
expressing VEGFR2, CD133 and CXCR4, respectively. Panel i shows the relative frequency of 
viable, apoptotic and necrotic CD34+CD45- cells as indicated by 7AAD and Syto16 staining.  Panels 
J, K, and L show the frequency of CD34+CD45+ cells expressing VEGFR2, CD133 and CXCR4, 
respectively. Panel M shows the relative frequency of viable, apoptotic and necrotic CD34+CD45+ 
cells as indicated by 7AAD and Syto16 staining.

 

SUPPLeMentAL tABLe S1. Chemotherapy drugs administered near or at the MTD

CLASS DRUG DOSe (MG/KG) ReFeRenCe

tubulin-binding agents (taxanes) Paclitaxel 30-50 [80,81]

Docetaxel 40 [82]

tubulin-binding agents (vinca alkaloids) Vinblastine 11 [83]

Anti-metabolites Gemcitabine 120-500 [84-86]

5-FU 100 [87]

Alkylating Agents Cisplatin 6 [88]

Cyclophosphamide 250 [89]

topo-isomerase-i inhibitors Irinotecan 100 [90]

Anthracycline derivates Doxorubicin 12 [83]
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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 modulatory cytokines in patients clinical 
relevance of circulating endothelial (progenitor) cells (CE(P)C) and 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. 

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; high concentrations 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. 

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 
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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. 

enUMeRAtiOn OF CeC/CePS BY FLOW CYtOMetRY
CEC and EPC were quantified by flowcytometry 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 ratio’s 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 
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 
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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 33 (47%)

Female 38 (53%)

Age

median (range) 62 year (32-82 year)

Tumor type 

Breast 17 (24%)

Colorectal 13 (18%)

Ovarian 8 (11%)

Esophagus 8 (11%)

Prostate 6 (9%)

Head and Neck 5 (7%)

Sarcoma 4 (6%)

Cervix 4 (6%)

Other 6 (8%)

Chemotherapy regimen

Taxane based 23 (32%)

Anthracyclin based 21 (30%)

5-FU based 11 (20%)

Platinum based 9  (13%)

Other 4  (5%)

Response to chemotherapy after one cycle

Partial/complete remission 21 (40%)

Stable disease 27 (51%)

Progressive disease 5 (9%)

Follow-up

Median follow up (IQR) 19 months (12-28 months)

Median PFS (IQR) 7 months (4-11 months)

Median OS (IQR) 14 months (9-25 months)

Abbreviations: PFS, progression free survival; OS, overall survival; IQR, interquartile range.

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). 
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 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 
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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.

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). 

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). 
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 
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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 3. Progression free survival (PFS) and overall survival (OS) of 33 patients by circulating 
endothelial cells (CEC) (A, D) and endothelial progenitor cells (EPC) (B, e) levels 7 days after 
chemotherapy individually and combined into 3 groups (C, F) (1) low CEC and low EPC levels, (2) 
either low CEC or low EPC levels (3) both high CEC and EPC levels 
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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, 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 SDF-1α 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 anti-tumor 
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.  
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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. 

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
intRODUCtiOn 
Chemotherapy induces a variety of host responses that not only makes tumors resistant to treatment but 

also facilitates tumor re-growth. Bone marrow-derived cells (BMDCs), released in response to various types 

of stress signals such as chemotherapy, play an important role to support the tumor vasculature and tissue 

regeneration. This can potentially negate the cytotoxic effects of chemotherapy thereby impairing its efficacy. 

The use of genetically modified animal models enable us to specifically track these cells and identify relevant 

signaling pathways that attract BDMCs to tumors during chemotherapy.  

MetHOD 
To specifically determine the role of BMDCs in response to anti-cancer treatment we used different transgenic 

models: constitutive VE-Cadherin Cre/R26R or EYFP mice, inducible VE-Cadherin Cre ERT2/R26R or EYFP 

mice (CIVE) and inducible VE-Cadherin Cre ERT2/NOTCH/EYFP mice and various transplantation studies into 

lethally irradiated wild type C57Bl/6 mice in order specifically track the BMD-VE-Cadherin expressing cells. 

Lewis Lung Carcinoma, mammary epithelial tumor cells from MMTV-c-neu transgenics or C26 colorectal 

cancer cells were implanted subcutaneously and after tumors were established mice were either treated 

with vehicle control, cisplatin or paclitaxel. Tumor growth was measured and tumors were analyzed by FACS 

analysis and immunohistochemistry. 

ReSULtS 
After treatment with cisplatin or paclitaxel, a three fold increase (0.1 to 0.3% of the cells) in EYFP+ cells as 

early as 1 day after chemotherapy (p<0.05) was seen in tumors. The influx of EYFP+ cells was specific for 

tumor tissue, as no EYFP+ cells were detected in various organs like lung, liver and spleen. Eight days after 

treatment this influx of BDMCs was accompanied by a significant increase in endothelial cells in both tumor 

models compared to untreated tumors (p<0.01). This correlated with a rapid re-growth of the treated tumors six 

days after chemotherapy. Two specific populations of EYFP+ cells were identified in the tumor, a macrophage-

like population (Gr1+/CD11b+) and an endothelial-like population (PECAM+). The EYFP+ cells in the tumor 

were found in close association with blood vessels. FACS analysis showed that in untreated tumors 0.45% of 

all PECAM+ cells were EYFP+, but chemotherapy increased this to 1-3%. A detailed analysis of these EYFP+ 

cells revealed high levels of Notch. The importance of Notch was further demonstrated in mice reconstituted 

with bone marrow of Notch KO mice. Here, homing of EYFP+ cells to the tumor was defective. Importantly, 

absence of Notch completely prevented the therapy-enhanced angiogenesis and significantly enhanced anti-

tumor effect of the chemotherapy. 

COnCLUSiOn 
Our study identified two populations of BMD-VE-Cadherin expressing cells, a macrophage-like population 

(Gr1+/CD11b+/Notchhigh) and an endothelial-like population (PECAM+/Notchhigh) that home to tumors and 

negate the anti-cancer effects of chemotherapy. Notch was found to be critical in the ability of these cells to 

egress the bone marrow. Preventing the influx of these supportive cells significantly enhanced the efficacy of 

commonly used chemotherapeutics and provides a new strategy to enhance anti-cancer therapy.

IntroDuCtIon
There is an increasing awareness that systemic anti-cancer treatment induces host 
responses that significantly impair the efficacy of these agents to kill or control tumor 
cells [1-4]. These host responses include changes in the (tumor) microenvironment, 
activation of inflammatory cells, and the attraction of marrow-derived cells (BMDCs) to 
the tumor. BMDCs is a term commonly used for a heterogeneous group of stem cells 
including mesenchymal, hematopoietic and vascular stem cells [5-10]. These cells can 
act in an immediate “seek and repair” manner in response to various types of therapy, 
presumably in order to support tissue regeneration [8,11,12]. They potentially negate 
the anti-cancer effects of treatment by providing survival signals and by inducing 
angiogenesis [1-4,10,12]. Therefore, the influx of BMDCs may be specifically relevant 
when patients are actively treated with chemotherapy and may represent an important 
reason why cancer patients become resistant to chemotherapy. 

The relative contribution of BMDCs to tumor growth and chemoresistance is 
incompletely understood. It is generally accepted that angiogenesis contributes to 
tumor growth and numerous agents targeting angiogenesis have been developed and 
approved for the clinic. 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, BMDCs aid neovascularization [5-10]. BMDCs, featuring shared 
properties between both macrophages and endothelial cells, are found to support 
angiogenesis in various mouse models [8-10, 13-15]. Gr1+ and CD11b+ cells, including 
Tie-2 expressing monocytes (TEMs) and tumor-associated macrophages (TAMs), can 
catalyze angiogenesis by producing pro-angiogenic factors, act as ‘vascular bridges’ 
by guiding and connecting filopodia tips of nascent blood vessels  [4,16-19]. Selective 
loss of these cells results in reduced tumor growth and impaired angiogenesis [20,21]. 
BMDCs expressing endothelial markers, often defined as endothelial progenitor 
cells, contribute to tumor angiogenesis and induce the angiogenic switch leading to 
progression of micro-metastasis into macro-metastasis [14]. However, whether these 
endothelial-like BMDCs contribute to angiogenesis by direct incorporation into the 
vascular wall or whether they are ‘just’ pro-angiogenic cells located close to the blood 
vessel to assist in the nascent vessel formation has been subject of lively debate. The 
relative contribution of BMD-endothelial cells to the tumor vasculature varies from < 1% 
up to > 50% between studies, depending on the model used, differences in tumor stage, 
the markers used to define these cells and the difference between unchallenged and 
challenged tumors [12,22-26,29-31]. Most articles define endothelial progenitor cells 
as BMDCs expressing vascular markers such as VE-Cadherin, VEGFR-2, CD133 and 
CD31, in the absence of haematopoietic markers [13]. Unfortunately, there is still a lack 
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of consensus on the definition, origin and specific function of ‘the endothelial progenitor 
cell’. This lack of a defined phenotype is partially due to the fact that these cells most 
likely change their cell surface markers as they egress the bone marrow, circulate and 
incorporate into incipient tumors.  To date, significant body of evidence indicates that 
these cells are in fact bone-marrow derived pro-angiogenic haematopoietic cells [28]. 
However, consensus exists that Vascular Endothelial (VE)-Cadherin has an essential 
function in vasculogenesis. Furthermore, VE-Cadherin is expressed in the adult 
endothelium during physiological and pathological conditions [32].

The aim of this study was to determine the contribution of chemotherapy-induced 
influx of BMD-angio-supportive cells to chemoresistance in solid tumors. To be able to 
specifically follow BMDCs in time we used inducible Cre/lox technology to genetically 
trace and target the VE-Cadherin expressing BMDCs population in tumor development 
and upon exposure to chemotherapy. Using this system, our data demonstrate a 
selective and biologically meaningful incorporation of VE-Cadherin BMDCs in tumors 
exposed to chemotherapy. Furthermore, we explored the molecular regulatory pathway 
that aids the homing to and retention of these cells in tumors.  Our data indicate that 
Notch 1 is essential in the egression of VE-Cadherin expressing BMDCs from the bone 
marrow and an important modulator of chemotherapy efficacy. 

MaterIals anD MethoDs
AniMAL MODeLS
Animals were housed and animal protocols conducted in accordance with University 
of California, Los Angeles (UCLA) and the University Medical Center Utrecht (UMC 
Utrecht), The Netherlands, Animal Research Committee guidelines. VE-Cadherin-Cre/
R26R and VE-Cadherin Cre/EYFP mice, inducible VE-Cadherin Cre ERT2/EYFP and 
inducible VE-Cadherin Cre ERT2/R26R (CIVE) mice, constitutive mice and inducible 
VE-Cadherin Cre ERT2/NOTCH/EYFP, described elsewhere [32-34,49] were used 
either directly or as bone marrow donors. Six-week-old C57BL/6 (obtained from Charles 
and River) were lethally irradiated (1000Rad) and then transplanted with 5x10^6 bone 
marrow cells from the different donor mice. Tamoxifen (ICN) was prepared as described 
[34], and for the inducible models mice were injected with 2 mg (100 ul) intraperitoneally 
(i.p.) every other day for 20 days, starting 2 weeks after transplantation. Regular balb/c 
mice were obtained from Charles and River. 

tUMOR MODeLS
Mammary epithelial tumor cells from MMTV-c-neu transgenics were isolated, 
characterized and transplanted subcutaneously (10^6 cells) into nude and balb/c 
immunocompetent mice that had been previously transplanted with bone marrow 

cells from VE-Cadherin constitutive, inducible or control mice. Lewis lung carcinoma 
(LLC) cells were subcutaneously (0.7x10^6 cells) injected into C57BL/6 mice 3 weeks 
after irradiation and subsequent transplantation with bone marrow cells from the 
different donor mice as described above. As a third model C26 colorectal cancer cells 
were subcutaneously (1x10^6 cells) injected in regular balb/c mice. Tumor size was 
assessed regularly with calipers using the formula width2 x length x 0.5. When the 
subcutaneous tumors reached 100 mm3, treatment was initiated.  Mice received either 
intraperitoneal saline, cisplatin 6mg/kg or paclitaxel 40mg/kg as bolus injection. Tumors 
were harvested 1 and 8 days after start treatment. Blood (500ul) was obtained by 
cardiac puncture. Mice were then perfused with PBS/2mM EDTA (37°C) for 3-5 minutes 
before harvesting of the femur and part of the subcutaneous tumor for flow cytometry 
analysis. Thereafter, mice were perfused for another 3 minutes with 1%PFA/2mM 
EDTA (37°C), organs and tumors were harvested for immunohistochemistry and fixed 
in 4% paraformaldehyde. 

FLOW CYtOMetRY AnALYSiS
Flow cytometry was performed on half of the tumor after perfusion with PBS. The tissue 
was minced into small pieces, incubated at 37°C for 15 minutes in collagenase (1mg/
ml) and dnase (0.4mg/ml) and filtered with 100- and 40-mm filters (BD Biosciences) 
to form a single-cell suspension.  BM cells were harvested from the femur by flushing 
bone cavity with RPMI medium using 25 gauge needles. Cells were analyzed on a 
FACS LSR II, using FACS DIVA software, with the following monoclonal antibodies: 
CD45 PerCP, PECAM-1-PE (MEC 13.3), PECAM-1-APC (MEC 13.3), c-kit-APC (2B8), 
VEGFR-2-PE (Avas 12α1), VEGFR-1-PE (Clone 141515), VE-Cadherin (11D4.1), Sca-
1-PE (E13–161.7), Gr-1- (8C5), CD11b-  (M1/70), CD3e- (2C11), NG2 (Chondroitin 
Sulfate Proteoglycan) and DAPI (Sigma) for 7-AAD (7-amino-actinomycin D) or 
viability. All monoclonal antibodies, their appropriate isotype controls were purchased 
from BD Pharmingen, exept for anti-VEGFR-1 antibodies which were obtained from 
R&D systems and Ng2 from Chemicon. Cells were sorted on a FACSAria using APC 
(allophycocya- nin)-conjugated PECAM, EYFP and 7AAD. Cells were gated based on 
cell size, viability, and PECAM and/or EYFP expression with appropriate comparisons 
to iso-type controls. FACS on embryonic tissue was performed as previously 
described[33]. 

iMMUnOHiStOCHeMiStRY
Vibratome sections (300 um) of the subcutaneous tumors and lungs were incubated 
with 1:400 PECAM-1 rat anti-mouse antibody (BD Pharmingen), SMA anti-mouse 
(Sigma) and 1:200 Cy3 or Cy5 secondary antibody (Jackson ImmunoResearch), 
TOPRO-3 (invitrogen) or DAPI (Sigma) was used as nuclear staining. CLSM 
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evaluation was performed. For β-galactosidase (βgal) staining mice were perfused with 
0.2% glutaraldehyde, 2 mM MgCl2, 5 mM ethyl- enediaminetetraacetic acid [EDTA] 
in phosphate buffer saline [PBS] to preserve βgal expression. Vibrotome sections 
(300um) made were post-fixed at 4°C in 0.2% glutaraldehyde, 2mM MgCl2, 5mM EDTA 
in PBS, washed three times for 30 min at 37°C with detergent buffer (0.01% sodium 
deoxycholate, 0.02% Nonidet P-40, 2 mM MgCl2 in PBS, pH 7.3), and then stained 
overnight in detergent buffer containing 5 mM potassium ferricyanide, 5 mM potassium 
ferrocyanide, and 1 mg/ml X-Gal. X-Gal was prepared at 25 mg/ml stock-solution in 
dimethylformamide. For histological examination, stained samples were washed twice 
in PBS and post-fixed overnight in 1% paraformaldehyde at 4°C. After washes with 
PBS, samples were dehydrated and embedded in paraffin wax, and 300 um sections 
were cut and counterstained with Nu- clear fast red (Vector Labs). Bone marrow was 
embedded in Histogel (American Master Tech Scientific, Inc.) before dehydration and 
paraffin embedding. Deparaffinized sections of Xgal stained embryos were incubated 
with rat anti-mouse CD31 (BD Pharmingen) 1:100, secondary antibody of biotinylated 
rabbit anti-rat IgG 1:100, and ABC Elite with NovaRED peroxidase stain (Vector 
laboratories).

Rt-PCR
A real-time quantitative PCR was performed on different cell populations for multiple 
genes important in endothelial cell function. Total RNA was extracted from FACS cells 
using Trizol reagent (Invitrogen).  cDNA was generated by reversed transcription 
in 20ul of reaction mixture at 50C for 1h.  Half of that volume was then mixed with 
SYBR Green 1 Buffer (QIAGEN). cDNA was then amplified by real-type PCR using 
specific primers. The fluorescence resulting from the incorporation of the SYBR Green 
1 dye into the double-stranded DNA produced during the PCR, and emission data 
were quantified using the threshold cycle (Ct) value. Results presented are from four 
independent experiments and data was normalized to Hprt as endogenous control. 

results
COntRiBUtiOn OF tHe DiFFeRent Ve-CADHeRin-eXPReSSinG CeLLS tO 
tHe tUMOR VASCULAtURe OF UnPeRtURBeD tUMORS
Tracing highly motile BMDC populations is difficult and confounded by intrinsic 
changes associated with differentiation/alteration of cell surface proteins. To eliminate 
this caveat, we used several transgenic mouse models that genetically trace BMDC 
populations that expressed VE-Cadherin. To differentiate between the non-bone 
marrow VE-Cadherin expressing cells and bone marrow-derived (BMD) VE-Cadherin 
expressing cells we performed different transplantation studies. These models allowed 
us to study to relative contribution of VE-Cadherin-expressing BMDCs in tumor growth. 

The first model we used was the VE-Cadherin-Cre/R26R model. In these mice the 
endothelium and part of the haematopoietic compartment exhibits βgal as embryonic 
VE-Cadherin positive cells give rise to both endothelial and haematopoietic progeny 
[32-34]. In the bone marrow of these mice both the endothelium lining the blood vessels 
and at least 50% of the non-vessel associated CD45+ cells are βgal positive (Figure 
1A, first upper panel). When we allowed c-neu transformed mammary epithelial 
tumor cells to grow subcutaneously in these mice, we found not only βgal positive 
cells lining all the blood vessels of the tumor but also abundant βgal positive cells 
around the vessels (Figure 1A, first lower panel). By using bone marrow from a 
fluorescent version of this model (VE-Cadherin-Cre/EYFP mice) this allowed us to use 
FACS analysis to quantify the actual number of VE-Cadherin positive cells in the tumor. 
In the c-neu transformed mammary epithelial tumors on average 60% of all cells in the 
tumor were EYFP positive (Figure 1B). 

To specifically investigate the contribution of only the BMD-VE-Cadherin expressing 
cells to tumor growth, we transplanted bone marrow of VE-Cadherin-Cre/R26R mice 
into lethally irradiated wild-type Bl/6 mice. In these mice, the existing endothelium does 
not express βgal in contrast with the bone marrow-derived VE-Cadherin expressing 
cells. In the bone marrow of transplanted mice we found a similar pattern with on 
average 50% of the bone marrow expressing βgal, mostly co-expressed with CD45 
(>90%) (Figure 1A, second upper panel, Figure S1A). Tumors implanted in these 
mice showed a clear influx of βgal positive cells with the great majority being CD45+, 
however only a very small subset of the βgal positive cells were actually part of the 
endothelium (Figure 1A, second lower panel). CD31 staining of these sections 
clearly demonstrates that the recombination mainly occurs in the cells surrounding the 
vessels and only 0.02% of all vessel lining cells expressed βgal (Figure 1C,D,e). Using 
again the fluorescent version of the model for FACS analysis we found an average 
contribution of 50% of EYFP positive cells in the tumor. Although this is slightly reduced 
compared to the first, non-transplanted, constitutive model (Figure 1B), it clearly 
showed the significant contribution of the BMDCs to the tumor, although we did not 
discriminate between circulating and resident cells.

To bypass the ability of embryonic VE-Cadherin expressing cells to give rise to 
haematopoietic progeny and only focus on the adult cells expressing VE-Cadherin, we 
next used tamoxifen-inducible VE-Cadherin Cre T2/R26R (CIVE) mice. After tamoxifen 
induction, a specific and widespread recombination is found in the endothelium with 
very limited expression in the haematopoietic lineage [33,34]. In the bone marrow a 
relative minor subpopulation (0.3% +/- 0.1%) was positive for βgal.  Some of these 
cells were found lining blood vessels and some of these cells were non-vessel 
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i.c. tamoxifen-inducible VE-Cadherin Cre T2/EYFP mice, showed that, as expected, the 
contribution of EYFP+ cells was remarkably reduced compared to the constitutive 
model, On average 0.5% of all cells in the tumor were EYFP+ (Figure 1B). 

To distinguish between bone marrow-derived adult VE-Cadherin expressing cells and 
peripheral VE-Cadherin expressing cells we next performed two different transplantation 
experiments. First we transplanted bone marrow of CIVE mice into lethally irradiated 
wild type Bl/6 mice. In the bone marrow of these mice, we found 0.3% βgal expressing 
cells, similar to the bone marrow of CIVE mice (Figure 1A fourth upper panel, Figure 
S1B). Tumors in these mice showed a limited influx of mainly non-vessel associated 
positive cells (Figure 1A fourth lower panel). In total the influx of EYFP+ cells was 
similar to the previous, non-transplanted, CIVE model (on average 0.5% of all cells 
in the tumor). However, much more cells were found to be non-vessel associated 
(Figure 1B). Next, we transplanted bone marrow from wild type Bl/6 mice into lethally 
irradiated CIVE mice.  As expected, bone marrow from these mice contained no βgal 
expressing cells (Figure 1A fifth upper panel). When we analyzed tumors growing in 
these mice, interestingly, the vessel lining endothelium was clearly βgal positive and no 
non-vessel associated βgal positive cells were detected (Figure 1A fifth lower panel). 
CD31 immunohistochemistry of previously X-Gal–stained sections of the tumors 
demonstrated that the recombination occurred in the tumor endothelium (Figure 1F). 
In total, 0.1% of all cells in the tumor were found to be EYFP+ in this model (Figure 
1B). 

Taken together, in unperturbed tumors these data show that the vast majority of the 
tumor endothelium is derived from adult, peripheral VE-Cadherin expressing cells. 
However, when only focusing on BMD-VE-Cadherin expressing cells a very limited 
contribution of these cells was found, with as little as 0.02% of all vessel lining cells 
expressing βgal in this tumor model.

CHeMOtHeRAPY enHAnCeD AnGiOGeneSiS iS ASSOCiAteD WitH An 
inFLUX OF BMD-Ve-CADHeRin eXPReSSinG CeLLS
We next questioned whether challenging the host with maximum tolerated dose (MTD) 
chemotherapy would result in an increased influx of VE-Cadherin BMDCs in the 
tumor. To study this we again employed our transgenic mouse models. We used the 
tamoxifen-inducible VE-Cadherin Cre T2/EYFP (CIVE) mice and transplanted the bone 
marrow from these mice into wild type, lethally irradiated, C57 Bl/6 mice (Figure 2A). 
After transplantation and bone marrow recovery, the recipient mice were treated with 
tamoxifen to induce the EYFP expression in VE-Cadherin expressing cells. Importantly, 

FiGURe 1. Contribution of the different Ve-Cadherin-expressing cells to the tumor vasculature 
of unperturbed tumors. A. Immunohistochemical analysis of βgal expression in bone marrow 
sections and sections of subcutaneous growing c-neu transformed mammary epithelial tumors in 
five different mouse models: constitutive VE-Cadherin-Cre/R26R mice (VECAD), bone marrow 
transplantation of constitutive VE-Cadherin-Cre/R26R (VECAD) mice in lethally irradiated wild type 
C57Bl/6, inducible VE-Cadherin Cre ERT2/R26R (CIVE) mice, bone marrow transplantation of CIVE 
mice in lethally irradiated wild type C57Bl/6 and finally bone marrow transplantation of wild type 
C57Bl/6 mice into lethally irradiated CIVE mice. B. The fluorescent versions of the above stated 
models with EYFP instead of lacZ expression was used for FACS analysis of subcutaneous growing 
c-neu transformed mammary epithelial tumors. The graph depicts the % of EYFP positive cells in 
the tumors. C,D. Immunohistochemical analysis of βgal (and CD31 expression for (C) and (F)) in the 
tumors of respectively the constitutive VE-Cadherin transplantation in wildtype C57/Bl6 mice (C, D, 
e) and the wildtype C57/Bl6 transplantation into CIVE mice (F). 

associated cells (Figure 1A third upper panel, Figure S1B). As previously shown by 
us, subcutaneously implanted tumors showed recombination in cells that expressed 
VE-Cadherin and lined the vasculature (Monvoisin et al., 2006). Furthermore, we 
found a very small population of non-vessel associated cells infiltrating the tumor.
(Figure 1A third lower panel).  FACS analysis of the fluorescent version of this model, 
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EYFP traces the cells in which VE-Cadherin was active, allowing us to track this lineage 
regardless of their differentiation profile and surface marker expression.

We first confirmed an increase in endothelial cells and vascular structures after different 
types of chemotherapy in 2 different mouse tumor models. C57/Bl/6 mice bearing LLC 
tumors and in balb/c mice bearing C26 tumors were treated with either cisplatin or 
paclitaxel, two chemotherapeutics widely used in the clinic (Figure 2B, Figure S2A). 
In both models, after treatment with chemotherapy a significant increase in the amount 
of endothelial cells in the tumor was seen as early as one day and even more clearly 
eight days after chemotherapy (Figure 2C-F). Confocal microscopy confirmed more 
vascular structures in the tumors eight days after chemotherapy compared to the 
untreated tumors (Figure S2B). This correlated with the observation that chemotherapy 
only very shortly suppressed tumor growth. After 6 days, exponential growth of the 
treated tumors was seen in both models. Notably, C26 cells are intrinsically resistant to 
paclitaxel (Figure 2B,S2A). 

The burst in angiogenesis in the tumor is temporally related with the influx of EYFP+ 
BMDCs after treatment with chemotherapy (Figure 2G,H, S2C). A slight increase 
in EYFP+ cells in the circulation was detected one day after chemotherapy (Figure 
S2D,e). The influx of EYFP+ cells was specific for the tumor tissue, as in control organs 
like lung, liver and spleen, hardly any EYFP+ cells were detected and there were 
no differences between the treated and untreated mice (Figure S2H).  In summary, 
systemic treatment with chemotherapy strongly increased the influx of VE-Cadherin 
expressing BMDCs in tumors.

SPeCiFiC tUMOR inFLUX OF tWO SUBPOPULAtiOnS OF Ve-CADHeRin 
eXPReSSinG BMDCS 
We next studied the role of these cells in more detail. Confocal microscopy revealed 
that EYFP+ cells in the tumor were found in close association with tumor vessels 
whereas in areas without vessels hardly any EYFP+ cells were found (Figure 3A, 
S3A). After chemotherapy more EYFP+ cells were identified per vascular structure 
than in the untreated tumors (Figure S3B). Although the EYFP+ cells clustered around 
the vessels, only few EYFP+/PECAM+ positive cells were seen (Figure 3A). In order 
to further characterize the influx of EYFP+ cells, we first analyzed the phenotype of 
the population EYFP+ cells in the bone marrow of these transplanted mice (table 
S1). As noted before the EYFP+ population constituted only 0.3% of all bone marrow 
cells. We found that almost 80% of these EYFP+ cells expressed the haematopoietic 
marker CD45 and the majority of the cells (59%) co-expressed monocyte/macrophages 
markers CD11b and Gr1, Forty percent of the EYFP+ cells expressed the endothelial 

markers PECAM, 46% expressed VE-Cadherin and 19% expressed VEGFR-2. In the 
tumors we found that 28% of the EYFP+ cells were PECAM+ and 25% of the cells 
were Gr1+/CD11b+. Concluding, after transplantation the adult bone marrow consisted 
of a small, heterogenous population of VE-Cadherin expressing cells which appear to 
be partly monocytic (Gr1+/CD11b+) and partly endothelial (PECAM+) (Figure 3B,C). 
We next evaluated the relative influx of these cellular populations in the tumor after 
treatment with chemotherapy. 

After cisplatin or paclitaxel chemotherapy an increase in both EYFP+/PECAM+ cells 
and in EYFP+/Gr1+/CD11b+ cells was seen (Figure 3D,F). Both BMD endothelial cells 
and BMD Gr1+/CD11b+ cells have been found to exert pro-angiogenic effects and an 
increased influx could account for the enhanced angiogenesis seen after chemotherapy. 
Notably, very low percentages of EYFP+ cells were actually incorporated into the tumor 
vasculature. FACS analysis showed that in this model, in the untreated tumors, on 
average 0.45% of all PECAM+ cells were EYFP+. Part of these cells were CD45- and 
were likely to be actual vessel lining endothelial cells. However, the majority these 
cells co-expressed CD45 and therefore belong to the haematopoietic lineage. When 
focusing on the PECAM+/CD45- population in the untreated tumors only 0.002% of 
all PECAM-/CD45- cells were EYFP+. The absolute number of EYFP+/PECAM+ cells 
(Figure 3D and e) and the relative contribution of the EYFP+ cells to the total number 
of PECAM+ cells significantly increased both one and eight days after chemotherapy. 
After treatment with cisplatin, on average 0.92% of all PECAM+ cells were EYFP+, after 
paclitaxel this increased almost 7 fold to 2.9%, compared to 0.45% in the untreated 
tumors. For the total population of PECAM+/CD45- cells, EYFP+ cells increased from 
0.002% to 0.1% and 0.16% after respectively treatment with cisplatin and paclitaxel. 
Notably, we found a 4 and 10 fold increase in EYFP+/PECAM+ cells after respectively 
cisplatin and paclitaxel compared to a 2.2 and 2.6 fold increase of the total EYFP+ 
cells. This suggested a specific influx of PECAM+/EYFP+ cells. In addition to the influx 
of PECAM+/EYFP+ cells, one day after chemotherapy a significant increase of EYFP+/
Gr1+/CD11b+ cells was seen (Figure 3F). Interestingly, there was no increase in the 
overall Gr1+/CD11b+ population (Figure 3G). This suggests a specific influx of the 
EYFP+ Gr1+CD11b+ population. Notably, the increase in EYFP+/Gr1+/CD11b+ cells 
was only seen one day after chemotherapy, after eight days the levels were similar in 
all groups with an average contribution of 0.01% (SD 0.07) and reduced compared to 
one day after chemotherapy. Because the total number of EYFP+ cells in the tumor 
did increase over time, this indicates that this population loses these specific markers 
over time.  In summary, chemotherapy induces a general increase in the total number 
of EYFP+ (i.e., VE-Cadherin expressing) cells in the tumor, including two specific 
populations of BMDCs namely the PECAM+/EYFP+ cells and the Gr1+/CD11b+/
EYFP+ cells. 
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FiGURe 2. chemotherapy enhanced angiogenesis is associated with an influx of bone 
marrow derived cells.

FiGURe 3. influx of two subpopulations of ve-cadherin Bmdcs
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The specificity of the influx of EYFP+ cells was further supported by our findings in 
the constitutive VE-Cadherin Cre/EYFP model. When we transplanted wild-type 
C57/Bl6 mice with bone marrow of these VE-Cadherin Cre/EYFP mice much higher 
levels of EYFP+ cells were found in the tumor when compared to the inducible 
model (Figure S3C). However, no overall increase in EYFP+ cells was seen after 
chemotherapy (Figure S3C), showing that there is no general influx of BMDCs. We 
did find a specific increase in EYFP+/PECAM+ cells with borderline significance (P 
0.05) after chemotherapy (Figure S3D). This shows that the influx in EYFP+ cells 
after chemotherapy is not a general incursion of BMDCs, but a specific influx of a 
subpopulation of pro-angiogenic BMDCs, characterized by VE-Cadherin expression in 
the adult bone marrow. 

In addition to directly enhancing angiogenesis, CD11b+/Gr1+ cells have been found 
to stimulate and promote the maturation of vessels, resulting in more and less leaky 
vessels due to better pericyte coverage [50]. We evaluated the pericyte coverage of 
the vessels by SMA staining. We found a significant increase in pericyte coverage of 
tumor vessels after chemotherapy (Figure 4A), with only a small part of the SMA+ 
cells being EYFP+ (Figure 4B). By FACS analysis, we also evaluated the percentage 
neuron-glia2 positive (NG2+), a pericyte marker,  cells in the tumor and found that there 
was a borderline significant increase in these cells eight days after chemotherapy (data 
not shown). 

Concluding, these data show consistently that after chemotherapy a very specific, 

FiGURe 2. chemotherapy enhanced angiogenesis is associated with an influx of bone 
marrow derived cells. A. Schematic overview of the mouse model. B. Tumor growth of LLC cells in 
C57/Bl6 mice either untreated or treated with cisplatin or with paclitaxel. C,D. Percentage of PECAM+ 
CD45- cells of the total cells in subcutaneous growing LLC cells in Bl/6 mice, transplanted with 
CIVE bone marrow, respectively one day (C) or eight days (D) after start treatment. e,F. Percentage 
of endothelial cells in subcutaneous growing C26 cells in Balb/c mice respectively one day (e) or 
eight days (F) after start treatment. G,H. Percentage of EYFP+ cells in LLC tumors in Bl/6 mice, 
transplanted with CIVE bone marrow, respectively one (G) or eight  (H) days after treatment. 

 

FiGURe 3. influx of two subpopulations of ve-cadherin Bmdcs. A. Representive confocal 
pictures of EYFP+ cells in the LLC tumors (Blue: TOPRO, Red: PECAM, Green: EYFP). * single 
green EYFP cells, arrow heads double positive cells (EYFP+/PECAM+). B. adult bone marrow cells 
expressing VE-Cadherin form 2 distinct populations: endothelial like population expressing PECAM 
and VE-Cadherin and a monocytic population expressing Gr1 and CD11b. C. Cytospins of FACS 
sorted BMD-EYFP+ cells stained for Gr1, PECAM and VE-Cadherin. D, e. Percentage of respectively 
EYFP+PECAM+ (D) or EYF+PECAM+CD45- (e) cells in subcutaneous growing LLC cells in Bl/6 
mice, transplanted with CIVE bone marrow, eight days after start treatment. F,G. Percentage of 
EYFP+Gr1+CD11b+ cells (F) or Gr1+CD11b+ cells (G) in subcutaneous growing LLC cells in Bl/6 
mice, transplanted with CIVE bone morrow, one day after start treatment. 

 

small subpopulation of BMD-VE-Cadherin expressing cells is recruited to the tumor 
microenvironment. Part of these cells co-express the endothelial marker PECAM 
and part of these cells express the monocytic markers Gr1/CD11b. Only a very small 
proportion of these cells is actually incorporated into the tumor vasculature, the vast 
majority of the cells were located in the immediate surroundings of the vessels. This 
suggests that these cells perhaps serve as angio-supportive cells instead of actually 
contributing to the vascular wall themselves. We also provide evidence that in addition 
to enhancing the number of blood vessels, chemotherapy also promotes vessel 
maturation. 

nOtCH SiGnALinG in BMD Ve-CADHeRin eXPReSSinG CeLLS iS CRitiCAL in 
tHe ABiLitY OF tHeSe CeLLS tO eGReSS tHe BOne MARROW. 
Since the previous results only show a correlation between the influx of the EYFP+ 
cells in the tumor and enhanced angiogenesis after chemotherapy, we next continued 
to explore whether there is a causal relationship and to determine the biological 
relevance of these cells in chemoresistance. We therefore performed gene expression 
profiling on three different BMD VE-Cadherin expressing cell populations. We used 
the CIVE model to compare EYFP+/PECAM+ bone marrow cells and EYFP-/PECAM+ 
bone marrow cells (the bone marrow resident endothelial cells) and circulating EYFP+/
PECAM+ cells. This latter population represents the cells that actually egressed the 
bone marrow and homed to the tumor. The different populations were FACS-sorted 
as shown in Figures 5A,B. Micro-array analysis revealed differences in potentially 
interesting pathways which were subsequently confirmed by RT-PCR. Figures 5C, D 
and e show mRNA expression levels of potential targets: Notch, VEGFR-2, VCAM, 
ICAM, PECAM, VE-Cadherin and VEGFR-1. Notably, only Notch mRNA levels were 
significantly increased in the EYFP+/PECAM+ population, compared to the EYFP- 
population and only Notch showed a selective increase in the subgroup that specifically 
egressed the bone marrow and gained access to the circulation (Figure 5e). This 
suggested that Notch signaling is necessary for the EYFP+ cells to egress the bone 
marrow. 

To identify Notch signaling as a key regulator of chemotherapy induced egression we 
next used a tamoxifen-inducible VE-Cadherin Cre ERT2/NOTCH/EYFP mouse, which 
results in an inducible Notch deletion together with the induction of EYFP expression 
downstream of the VE-Cadherin promoter. Again, we performed bone marrow 
transplantations into wild type C57/Bl6 mice, resulting in defective Notch signaling 
after tamoxifen induction of bone marrow VE-Cadherin expressing cells. After bone 
marrow transplantation and tamoxifen induction we found similar levels of EYFP+ cells 
in the bone marrow of mice with and without the Notch knock out (Figure 6A). This 
shows that defective Notch signaling by itself does not induce any differences in the 
presence of EYFP+ cells in the bone marrow. However, when we quantified circulating 



156

Chapter 5 Role of Notch in resistance to chemotherapy

5

157

FiGURe 4. enhanced pericyte coverage after treatment with chemotherapy. A. Pericyte 
coverage of vessels, quantified by the number of vascular structures surrounded by SMA+ cells on 
confocal microscopy. B. Representive confocal pictures of EYFP+ cells in the LLC tumors (Blue: 
TOPRO, Red: PECAM, Orange: SMA, Green: EYFP). 

FiGURe 5. notch is upregulated in Ve-Cadherin expressing cells which egressed the bone 
marrow. A, B. FACS-sorting of three populations of cells from the bone marrow (A) and the blood 
(B) of the CIVE mice after tamoxifen induction. From the bone marrow a population of PECAM+/
EYFP- and a population of PECAM+/EYFP+ were sorted. From the blood the PECAM+/EYFP+ 
population was sorted. C,D,e. rtPCR was performed for levels of different vascular proteins in the 
three populations: BM PECAM+EYFP- (C), BM PECAM+EYFP+ (D) and blood PECAM+EYFP+ (e).
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cells, significantly lower levels of EYFP+ cells were circulating in the Notch KO mice 
(Figure 6B). This supports our hypothesis that Notch is necessary for the EYFP+ cells 
to egress the bone marrow.  

Strikingly, when evaluating tumor growth in these mice we found a significantly reduced 
tumor growth after knocking down Notch (Figure 6C). This is already seen in the 
untreated tumors, but becomes even more clear in mice treated with chemotherapy. 
In the absence of Notch the anti-tumor effect of cisplatin was greatly enhanced and 
tumor growth remained suppressed even eight days after treatment (Figure 6C). 
Consistent with our hypothesis that without functional Notch the EYFP+ cells cannot 
egress the bone marrow, we found hardly any EYFP+ cells in the tumors of these mice. 
Furthermore, there was no increase in EYFP+ cells seen after chemotherapy (Figure 
6D). Finally, the number of endothelial cells in the tumor was markedly reduced in 
mice with the Notch deleted VE-Cadherin BMDCs and no enhanced angiogenesis was 
seen in mice with this Notch deletion after chemotherapy (Figure 6e). Notably, the 
pericyte coverage in these tumors was markedly reduced to on average 5%. These 
findings show that this small population of specific BMD VE-Cadherin+ cells plays a 
crucial role in stimulating angiogenesis, vessel maturation and tumor growth, which 
even becomes more prominent after treatment with chemotherapy. The recruitment of 
these cells to the tumor after chemotherapy may be an important determinant in the 
resonse to chemotherapy and approaches to target Notch may significantly enhance 
the anti-tumor effect of anti-cancer treatment. 

DIsCussIon
A rapidly increasing body of evidence supports the notion that chemotherapy can 
evoke a host-repair response in which BMDCs are recruited to the tumor where 
they can facilitate regrowth of the tumor thereby negating the anti-cancer effects of 
chemotherapy [1,8,12,14,30,36]. Thus, in addition to the direct effects on the cancer 
cell, chemotherapy elicits a host response that can render the tumor to become 
chemoresistant. The overall benefit of treatment will therefore be determined by the 
balance between the sensitivity of cancer cells to cytotoxic effects of chemotherapy 
and the counteracting host responses. Research specifically identifying relevant 
subpopulations of chemo-induced BMDCs has been hampered by phenotypic changes 
while BMDCs are migrating from the bone marrow into the circulation and finally into 
the tumor’s microenvironment.  

Our study used unique mouse models to lineage trace the BMD-VE-Cadherin 
expressing cells into the tumor thereby bypassing phenotypical changes in this 
population over time. Using the inducible VE-Cadherin/EYFP/Cre model we focused 

FiGURe 6. influx of Bmd-ve-cadherin/notchhigh cells confer chemoresistance and enhanced 
angiogenesis. A. Tumor growth of LLC cells in C57/Bl6 mice transplanted with either CIVE bone 
marrow or CIVE-Notch KO bone marrow, mice were either untreated or treated with cisplatin. B. 
Percentage of endothelial cells, PECAM+ cells of the total cells in subcutaneous growing LLC cells in 
Bl/6 mice, transplanted respectively with CIVE or CIVE-Notch KO bone marrow, eight days after start 
treatment. C. Contribution of EYFP+ cells to the LLC tumors in Bl/6 mice, transplanted respectively 
with CIVE or CIVE-Notch KO bone marrow, eight days after start treatment. D. EYFP expression in 
the bone marrow of mice transplanted respectively with CIVE or CIVE-Notch KO bone marrow. e. 
EYFP expression in the blood of mice transplanted respectively with CIVE or CIVE-Notch KO bone 
marrow.
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on the small population (0.3%) of adult BMDCs which expressed VE-Cadherin. Two 
subpopulations could be discriminated; 60% of the EYFP+ cells co-expressed CD11b/
Gr1 (monocyte phenotype) and the other 40% of the cells expressed endothelial 
markers like PECAM (endothelial-like phenotype). Both cell types were recruited to 
the tumor micro-environment and only the recruitment of these populations was clearly 
enhanced after chemotherapy. Both cisplatin and paclitaxel treatment induced a 2.5-
fold increase in total EYFP+ cells in the tumors. This coincided with an almost 2-fold 
increase in endothelial cells and an increased vascular density in the tumor eight days 
after chemotherapy. An acute influx of EYFP+/Gr1+/CD11b+ was seen as early as 
one day after chemotherapy, whereas after eight days a significant increase in the 
endothelial like population (PECAM+) was seen. Notably, the increased influx was 
specific for the EYFP+ population because there was no overall increase in Gr1/CD11b 
positive cells after chemotherapy, The vast majority of the EYFP+ cells in the tumor 
was located perivascular and did not appear to be incorporated in the vasculature. 
The influx of EYFP+ cells was specific for this population of VE-Cadherin expressing 
BMDCs which was supported by the results from the constitutive model, in which 50% 
of the bone marrow is EYFP+ and not only the cells which have activated the VE-
Cadherin promoter in the adult situation. In this model EYFP+ cell numbers in the tumor 
were not increased after chemotherapy, although a borderline significant increase in 
EYFP+/PECAM+ cells was seen. 

It has been shown that preventing the influx of endothelial like BMDCs or monocytic 
(CD11b+/GR1+) cells independently can enhance the efficacy of chemotherapy. 
Interestingly, targeting both populations has an additive effect and the influx of CD11b/
Gr1 positive cells mediates refractoriness of tumors to anti-angiogenic therapy [1,4,37]. 
Taken together, these two populations of BMD-VE-Cadherin expressing cells, the 
PECAM+ population and the CD11b+/Gr1+ population, play a pivotal role in treatment 
enhanced angiogenesis. We now show that both populations are in fact derived from 
the adult VE-Cadherin positive BMDCs which represent a small and specific population 
in the bone marrow that gives rise to both endothelial like (VE-Cadherin+ and PECAM+) 
cells and monocytic like (GR1+ and CD11b+) cells. 

It is evident that Notch ligands (Delta like 4, Dll4) and receptors (Notch 1 and Notch 
4) play an important role in the differentiation and function of the vasculature, during 
embryogenesis and in adults. Mice with deficiencies of the different Notch components 
display severe vascular defects and, interestingly, haploinsufficiency of DII4 results 
in embryonic lethality which further stresses the importance in the Notch pathway 
[48]. Similar embryonic phenotypes have only been described for VEGF knockout 

mice. [39,40,41,42] In tumor angiogenesis, Notch signaling plays an essential role in 
stimulating endothelial proliferation, migration and network formation. Dll4 inhibition or 
decreased expression results in impaired, non-functional, angiogenesis and reduced 
tumor growth. [38,40,47,44,45,46]  Furthermore, it has been shown that Notch signaling 
in BMD-progenitor cells is important for the pro-angiogenic effect of these BMDCs in 
both tumor angiogenesis and wound healing. At sites of angiogenesis BMD-progenitor 
cells activate and stabilize mature endothelial cells via Notch signaling. 

The role of Notch signaling in resistance to chemotherapy is less well established. It has 
been demonstrated that Notch is a regulator of cancer stem cell (CSCs) programming 
and contributes to the epithelial to mesenchymal transition (EMT). Both programs are 
recognized for their association with anti-cancer drug-resistance [51]. Based on these 
experimental data it has been suggested that targeting Notch could be a novel approach 
to overcome drug-resistance of cancer cells by eliminating CSCs or EMT type cells. 
Our data reveal an additional Notch regulated chemoresistance mechanism: a specific 
population of BMDCs characterized by VE-Cadherin expression and up-regulated 
Notch levels that enters the circulation and homes to the tumor after chemotherapy. 
Specifically knocking down Notch in these cells resulted in a significant reduction of 
EYFP+ cells in the peripheral blood and virtually no EYFP+ cells in the tumor. This 
indicates a diminished egression/recruitment of these cells from the bone marrow 
after chemotherapy. Strikingly, preventing the contribution of specifically these cells 
to the tumor micro-environment significantly reduced angiogenesis, reduced pericyte 
coverage in the untreated tumors and impaired normal tumor growth. Importantly, 
it significantly enhanced the efficacy of chemotherapy presumably by preventing 
treatment enhanced angiogenesis.

Our findings highlights the importance of specific BMDCs in chemoresistance. Generally 
the term chemoresistance is used for tumor cell intrinsic mechanisms to neutralize 
the effects of chemotherapy. In the past decade, tumor cell extrinsic mechanisms of 
chemoresistance have also been reported. Inflammatory cells, EMT, BMDCs and the 
tumor’s microenvironment all have shown to render tumors insensitive to chemotherapy 
even when tumor cells themselves were sensitive to chemotherapy [1-4,11,12,52]. 
Here we show that chemotherapy activates a host response mediated by a specific 
population of VE-Cadherin expressing/Notchhigh BMDCs that significantly contributed 
to an acquired resistance to treatment. By using various strains of genetically modified 
mice we could clearly show the relevance of Notch signaling in this process. Our 
findings demonstrate that targeting specific populations of BMDCs could significantly 
improve current treatment with chemotherapy.   
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SUPPLeMentARY FiGURe 1 A,B. FACS results showing EYFP+ cells in the bone-marrow of the 
constitutive (A) and CIVE (B) mice.  

SUPPLeMentARY FiGURe 2 A. Tumor growth of C26 cells in balb/c mice, either untreated, treated 
with cisplatin or with paclitaxel. B. Number of vascular structures per field in LLC tumors eight days 
after start of treatment, quantified by confocal microscopy. C. Number of EYFP+ cells per field in 
LLC tumors eight days after start of treatment, quantified by confocal microscopy. D,e. Percentage 
of EYFP+ cells in the blood of in Bl/6 mice, transplanted with CIVE bone marrow, respectively one 
(D) or eight (e) days after start treatment. F. Percentage of EYFP+ cells in the tumor compared to 
different organs eight days after cisplatin. 
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SUPPLeMentARY FiGURe 3. A. Distribution of EYFP+ cells in the tumor, 2 separate area’s were 
defined: areas with no vascular structures and vascular rich areas and the number of EYFP+ cells 
were counted per field. B. The number of EYFP+ cells per vascular structure were quantified using 
confocal microscopy. C,D. Percentage of bone marrow derived (endothelial) cells, EYFP+ (C) or 
EYFP+PECAM+ (D) in subcutaneous growing LLC cells in Bl/6 mice, transplanted with constitutive 
VE-Cadherin Cre/EYFP bone morrow, eight days after start treatment.

SUPPLeMentARY tABLe 1. Phenotype of EYFP+ cells in the bone marrow of mice transplanted 
with the CIVE bone marrow. 

SURFACE MARKER % POSITIVE (MEAN) IN 
YFP+ CELLS IN THE BM 

CD45+ 79 

PECAM+ 38 

CD45-PECAM+ 1.7 

VEGFR2+ 19 

CD45-VEGFR2+ 0.58 

PECAM+ VEGFR2+ 4,6 

VE-cadherin 46 

VEGFR1+ 1.4 

CD11b+ Gr1+ 59 

Sca-1+ 4.0 

CD117/c-kit+ 6.2 

CD3c+ 3.6 

NG2 1.3 
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aBstraCt
Recent studies suggest that chemotherapy, in addition to its cytotoxic effects 
on tumor cells, can induce a cascade of host events to support tumor growth and 
spread. Here, we used an experimental pulmonary metastasis model to investigate 
the role of this host response in metastasis formation. Mice were pretreated with 
chemotherapy and after clearance of the drugs from circulation, tumor cells were 
administered intravenously to study potential ‘protumorigenic’ host effects of 
chemotherapy. Pretreatment with the commonly used chemotherapeutic agents 
cisplatin and paclitaxel significantly enhanced lung metastasis in this model. This 
corresponded to enhanced adhesion of tumor cells to an endothelial cell monolayer 
that had been pretreated with chemotherapy in vitro. Interestingly, chemotherapy 
exposure enhanced the expression of vascular endothelial growth factor receptor 1 
(VEGFR-1) on endothelial cells both in vitro and in vivo. Administration of antibodies 
targeting VEGFR-1 reversed the early retention of tumor cells in the lungs, thereby 
preventing the formation of chemotherapy-induced pulmonary metastases. The data 
indicate that chemotherapy-induced expression of VEGFR-1 on endothelial cells can 
create an environment favorable to tumor cell homing. Inhibition of VEGFR-1 function 
may therefore be used to counteract chemotherapy-induced retention of tumor cells 
within the metastatic niche, providing a novel level of tumor control in chemotherapy. 

IntroDuCtIon
Not all cancer patients treated with chemotherapy show response to treatment. 
Moreover, a small subset of patients experiences early progression during systemic 
anti-cancer therapy. Prime examples include accelerated growth of non-small cell lung 
cancers in patients after induction chemotherapy [1], and rapid tumor cell proliferation 
in oropharyngeal cancer patients who responded poorly to chemotherapy [2].  This 
early progression during therapy is generally thought to be part of the natural course 
of disease, meaning that the tumor would have progressed in a similar fashion if it 
had not been treated. However, accumulating evidence suggests that chemotherapy 
may also induce tumor-promoting changes in the microenvironment as part of a 
systemic host response. Blood of cancer patients treated with chemotherapy contain 
increased levels of several pro-tumorigenic growth factors and mobilized bone marrow-
derived progenitor cells, that can home to the tumor and subsequently contribute to 
angiogenesis [3,4]. High levels of these cells correspond to primary tumor progression 
in mice and decreased survival in patients [3,4]. Thus, in addition to the direct effects 
of the therapy on the cancer, chemotherapy elicits a host response that can be tumor 
growth promoting [5]. Benefits of anticancer treatment must therefore be weighed with 
respect to potential protumorigenic effects. We hypothesized that when tumors can 
overcome the potent, cytotoxic effects of chemotherapy through resistance, the signals 
to the microenvironment will obfuscate the benefits of treatment and may actually 
facilitate disease progression and metastatic spread.

To study the host effects occurring post-chemotherapy, an experimental mouse 
metastasis model was designed in which the direct, cytotoxic anti-tumor effects were 
absent. Mice were pretreated with chemotherapy and after clearance of the drug from 
circulation, tumor cells were administered intravenously. Using this model, we here 
show that pretreatment with two widely used chemotherapeutic agents enhanced 
lung metastasis formation. This phenomenon was observed in several mouse strains, 
injected intravenously (iv) with different tumor cell lines. Chemotherapy pretreatment 
resulted in an early accumulation of tumor cells in mouse lungs, which corresponded 
to enhanced adhesion of tumor cells to endothelial cells exposed to cytotoxic agents 
in vitro. Moreover, our data indicate that membrane expression of VEGFR-1 was 
upregulated by endothelial cells in response to chemotherapy. Finally, systemic 
administration of antibodies targeting VEGFR-1 reversed the chemotherapy-induced 
tumor cell retention in the lungs, reducing the number of lung colonies. 
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MaterIals anD MethoDs
CeLL CULtURe 
C26 colon carcinoma cells and COS-7 were maintained in DMEM (Lonza, Verviers, 
Belgium) with 5% FCS, 2 mM glutamine, 0.1 mg/ml streptomycin, and 100 U/ml 
penicillin. C26 cells expressing the firefly luciferase gene (C26-luc) were described 
previously [6]. B16F10 cells were maintained in RPMI (Invitrogen, Grand Island, NY) 
with 5% FCS and antibiotics. bEND.3 immortalized microvascular ECs were a gift of M. 
Verhaar, UMC Utrecht, and were maintained in DMEM (1 g/L glucose) with 10% FCS 
and antibiotics. 6011L primary C57Bl/6 lung ECs were purchased from Cell Biologics 
(Chicago, IL, USA), maintained in accompanying M1166 growth medium and grown on 
gelatin-coated plates. All cells were kept at 37°C in a humidified atmosphere with 5% 
CO2.

tUMOR AnD MOUSe MODeLS
All animal procedures were approved by the UMC Utrecht Animal Care Ethics 
Committee. BALB/c and C57Bl/6 mice, n≥6/group (Charles River (Sulzfeld, Germany) 
were injected ip with chemotherapy at MTD levels: cisplatin 6 mg/kg, paclitaxel 20 
mg/kg (Pharmachemie BV, Haarlem, The Netherlands), or vehicle controls. Four days 
later, 4x104 C26(-mCh) cells were iv injected into the tail veins of BALB/c mice, or 6x103 

C26 cells into Rag2-/-;IL2Rγc-/-BALB/c mice [7], or 1x105 B16F10 mouse melanoma 
cells into C57Bl/6 mice. Anti-mouse VEGFR-1 antibody MF1 and anti-mouse VEGFR-2 
were kindly provided by ImClone Systems Inc., New York. One day before injection 
of tumor cells, MF1 (40 mg/kg), DC101 (800 μg/mouse) or a vehicle control was 
administered ip.

BiOLUMineSCenCe iMAGinG
Mice were anesthetized with isoflurane (IsoFlo, Abbott Laboratories Inc., UK) and 
ip injected with n-luciferin (potassium salt; Biosynth AG, Staad, Switzerland) at 225 
mg/kg, 13 days after tumor cell injection.  C26-luc lung metastases were assessed 
by in vivo bioluminescence imaging (BLI) using a Biospace F imager and M3 vision 
software (Biospace Lab, Paris, France). The integrated light intensity as measured by 
single photon counting of a 10-minute exposure was used to quantify the amount of 
light emitted by C26-luc cells. A low intensity visible light image was made for overlay 
images. 

LentiViRAL tRAnSDUCtiOn
For C26-mCh, lentiviral particles were produced by seeding 1.2x106 Cos-7 cells onto 
a 10cm dish and transient transfection using fuGENE-6 Transfection Reagent (Roche 
Diagnostics, Mannheim, Germany) with third-generation packaging constructs [8] and 

a CMV-mCherry transfer vector containing a puromycine selection cassette (a gift 
from C. Löwik, Leiden UMC Leiden, The Netherlands). After 48 hours, supernatant 
was harvested, filtered, and used to transduce 105 C26 cells with 40µg/ml polybrene. 
Transduction was repeated after 24 hours and 24 hours later puromycine selection 
was initiated. 

iDentiFiCAtiOn OF C26-MCH CeLLS in MOUSe LUnGS
C26-mCh cells were iv injected into mice that had been pretreated with chemotherapy 
or vehicle controls. 24 hours after injection, lungs were perfused via the left ventricle 
with PBS-EDTA followed by 1% PFA. Subsequently 3% agarose/0.5% PFA was 
administered via the trachea into the lungs. Lungs were harvested and kept on ice, 
before fixation in 4% PFA. Vibrotome sections (300 um) of lungs were stained with 
DAPI and per lung 10 random three-dimensional fields were evaluated for mCherry-
expressing cells on a Zeiss LSM 510 META (40x). Zeiss LSM Image Brower software 
Version 4.2.0.121 was used.

iMMUnOFLUOReSCenCe
Vibrotome sections were prepared, blocked with goat serum, stained with rat-anti-
mouse CD31 (BD Biosciences Pharmingen) and rabbit-anti-mouse VEGFR-1 (Santa 
Cruz, Heidelberg, Germany), followed by 488-/647-conjugated secondary antibodies 
(AlexaFluor, Molecular Probes Inc, Oregon, USA) and DAPI. CLSM evaluation was 
performed.

FLOW CYtOMetRY
Mice were pretreated with chemotherapy or vehicle. Organs were harvested 4 days 
later and Single cell suspensions were prepared by cutting and DNAse/collagenase 
treatment. Blood was withdrawn by cardiac punction 4 days after treatment with cisplatin 
or vehicle control. Cells were stained for 30 minutes in PBS-BSA-EDTA with antibodies 
or isotypes. VEGFR-1-PE antibodies were obtained from R&D Sytems (Abigdon, UK), 
CD31-APC and isotype controls from eBioscience (Vienna, Austria), CD11b-FITC 
from Miltenyi Biotec (Bergisch Gladbach Germany). Remaining FACS antibodies were 
obtained from BD Biosciences Pharmingen (Breda, The Netherlands): CXCR4-FITC, 
VEGFR-2-PE, CD45-PerCP, CD117-APC and VCAM-1-FITC. After RBC lysis, analysis 
was performed on a FACSCalibur II. For in vitro FACS experiments, bEND.3 cells 
were plated out in 6-well plates. After 24 hrs, cisplatin was added for 4 hours. Cells 
were washed twice with PBS and put on DMEM. Four days later, cells were harvested, 
stained for VEGFR-1 and analyzed.
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Mtt ASSAY
Cells were plated in 96-well plates and cultured for 24 hours. MF1 or DC101 were added 
(50 μg/ml) and 3-(4,5dimethylthiazolyl-2)-2,5-diphenyltetrazoleumbromide (MTT) 
assays (Roche Diagnostics) were performed every 24 hours as per manufacturer’s 
instructions.

eC ADHeSiOn ASSAYS
bEND3 or 6011L monolayers were grown in 96-wells plates, treated with cisplatin, 
paclitaxel or vehicle for 4 hours, washed twice with PBS and maintained on medium 
for 3 days. After washing with PBS, the plate was blocked with 2.5% BSA (Sigma-
Aldrich), and incubated for 4 hours with PMA, Mn2+, TNFα, IL-1β or PBS. Integrin β1 
or β3 (BD Pharmingen) antibodies were added 1:200. C26 tumor cells were loaded 
with 4 μM calcein-AM (Molecular Probes, Leiden, The Netherlands) in HBSS. VCAM-1 
and ICAM-1 antibodies (BD Pharmingen) were added 1:200. 5 x 104 calcein-labeled 
C26 were added to triplicate wells. After 50 minutes at 37°C, non-adhered cells were 
removed and the plate was washed 3 times with HBSS buffer containing EGTA and 
Mg2+. After the third wash adherent tumor cells were quantified using  a FLUOstar 
Optima (BMG Labtech). 

DeXtRAn PeRMeABiLitY StUDieS
Mice were pretreated with chemotherapy and 4 days later, rhodamine B-conjugated 
dextran (70,000 MW, Invitrogen, Grand Island, NY) was dissolved in PBS and injected 
iv in a concentration of 100 mg/kg. 30 minutes later, mice were sacrificed and lungs 
were taken out for immediate CLSM visualization of the vasculature. 

StAtiStiCAL AnALYSiS
Data are expressed as mean±SEM. Statistical significance was assessed by Student’s 
two-tailed t-test. A p-value<0.05 was considered significant and represents significance 
compared to untreated controls, unless indicated otherwise.

results
CHeMOtHeRAPY PRetReAtMent enHAnCeS eXPeRiMentAL LUnG 
MetAStASiS in MOUSe MODeLS
We designed a mouse model to specifically study the host effects that take place after 
exposure to chemotherapy, and their potential effects on metastatic spread (Figure 1A). 
In this experimental lung metastasis model, mice were pretreated with chemotherapy, 
followed by iv tumor cell injection four days later, after the chemotherapeutic agents 
had been cleared from circulation. Administration of tumor cells after drug clearance 

prevents direct cytotoxic effects on the tumor cells, but allows investigation of drug-
induced host effects. Thirteen days after tumor cell injection, lung colonies were 
analyzed.

When BALB/c mice were pretreated with either of two commonly used chemotherapeutic 
agents, paclitaxel or cisplatin, followed by iv injection of C26 mouse colon carcinoma 
cells, a significantly enhanced number of lung colonies was present after 13 days 
(Figure 1B). Paclitaxel augmented lung colony formation more than 3-fold, whereas 
cisplatin gave rise to a 6-fold increase compared to untreated mice. This corresponded 
to a significant increase in lung weight of these mice for cisplatin-treated animals 
(Figure 1C). We next performed bioluminescence imaging 13 days after injection of 
luciferase-expressing C26 tumor cells (C26-luc). Figure 1D shows an increase in lung 
colonization upon pretreatment with cisplatin compared to the untreated mice.  To 
confirm that these effects can be attributed to a general phenomenon, we repeated the 
experiments in C57Bl/6 mice that were iv injected with B16F10 mouse melanoma cells. 
Consistent with our findings in BALB/c mice, chemotherapy pretreatment resulted in 
enhanced pulmonary metastasis (Figure 1e). 

To determine whether suppression of the immune system by chemotherapy played a 
role in the enhanced number of lung metastases observed in these experiments, we 
performed an identical experiment in Rag2-/-;IL2Rγc-/- BALB/c female mice (7). In these 
immune-deficient animals – that lack B-lymphocytes, T-lymphocytes and NK-cells – 
similar results of chemotherapy pretreatment were found (Figure 1F). These results 
indicate that suppression of any of these three components of the adaptive immune 
system by chemotherapy does not account for the observed effect. Furthermore, 
dextran perfusion studies were performed to study the integrity of the lung vasculature. 
Cisplatin pretreatment did not increase vascular leakage at the time of tumor cell 
injection (Figure S1).

CHeMOtHeRAPY enHAnCeS eARLY RetentiOn OF tUMOR CeLLS in tHe 
LUnGS 
To determine whether the increase in lung colonization after chemotherapy treatment 
was due to an early event, we scored the number of tumor cells in the lungs of mice 
24 hours after iv injection. To this end, mCherry-expressing C26 clones (C26-mCh) 
were generated by lentiviral transduction.  Puromycin selection yielded a clone that 
was highly fluorescent (Figure S2A) with a proliferation rate comparable to the original 
cell line both in vitro (Figure S2B) and in vivo, as determined by the number of lung 
colonies two weeks after iv injection (Figure S2C). Furthermore, mCherry expression 
was maintained in lung colonies harvested two weeks after iv injection of C26-mCh 
cells (Figure S2D).
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FiGURe 1. Chemotherapy pretreatment enhances experimental lung metastasis. (A) BALB/c 
mice (n=10 per group) were treated with cisplatin, paclitaxel or vehicle control. After 4 days, C26 
tumor cells were injected iv. Lung colonies were analyzed 13 days later by (B) counting surface 
metastases and (C) determining lung weight. (D) Similar experiments were performed with C26-luc 
cells. After 13 days mice were injected with n-luciferin and BLI was performed. (e) C57Bl/6 mice 
(n=10 per group) were pretreated with chemotherapy followed by 1x105 B16F10 tumor cells iv 4 
days later. Pulmonary surface metastases were counted after 13 days. (F) Immune deficient Rag2-

/-;IL2Rγc-/- BALB/c mice were pretreated with cisplatin, followed by C26 tumor cells iv 4 days later. 
Pulmonary surface metastases were counted after 13 days; ns: not significant, * p<0.05, ** p<0.01, 
***p<0.001.

To determine differences in the presence of mCherry-expressing tumor cells in the lungs 
24 hours after tumor cell injection, mice were pretreated with chemotherapy or vehicle 
control, followed by iv injection of C26-mCh tumor cells 4 days later. 24 hours after 
tumor cell administration, mice were sacrificed and lungs were perfused, harvested, 
and sectioned. Interestingly, we observed that the number of fluorescent tumor cells 
in the lungs of chemotherapy-pretreated mice was significantly enhanced as early 
as one day after tumor cell injection (Figure 2A,B). This implies that chemotherapy 
pretreatment promotes early retention of tumor cells in the lungs. 

CHeMOtHeRAPY enHAnCeS tUMOR CeLL ADHeSiOn tO enDOtHeLiAL 
CeLLS in vitro
Since chemotherapy effects were observed at very early stages of metastasis 
formation, we hypothesized that this was most likely due to enhanced tumor cell 
adhesion to endothelial cells (ECs). To test this hypothesis, in vitro adhesion assays 
were performed. Mouse bEND.3 EC monolayers were pretreated with cisplatin and 
4 days later, calcein-labeled tumor cells were added and allowed to adhere. After 50 
minutes, tumor cells were taken off and the wells were washed three times, followed 
by fluorescent quantification of adherent tumor cells. Remarkably, when ECs were not 
stimulated in vitro, tumor cells rapidly detached in all conditions (data not shown). 
To exclude the possibility that this was dependent on tumor cells requiring integrins 
for adhesion, ECs were stimulated with PMA and Mn2+. Neither of these agents had 
any effect (data not shown). Next, we primed the EC monolayer with TNFα or IL-1β, 
two cytokines that are known to circulate in response to cisplatin therapy [9-11]. Upon 
stimulation with either of these cytokines, a significantly higher number of tumor cells 
remained attached to the cisplatin-pretreated EC monolayer than to the untreated EC 
monolayer (Figure 2C). Pretreatment of bEND3 monolayers with paclitaxel showed 
enhanced tumor cell adhesion as well (Figure 2D). Furthermore, similar results 
were found when mouse primary lung ECs were pretreated with cisplatin followed by 
adherence of C26 tumor cells (Figure 2e). 

TNFα or IL-1β are commonly used in static adhesion assays since they enhance 
expression of adhesion proteins VCAM-1 and ICAM-1 on ECs, two integrin ligands. To 
further investigate the binding between tumor cells and ECs, we determined whether 
CAM/integrin-mediated binding played a role in our system. Addition of integrin-
stimulating agent PMA to TNFα-stimulated endothelium did not further enhance adhesion 
of tumor cells (Figure S3A). Similar effects were found for Mn2+ addition to TNFα 
(data not shown). Furthermore, when blocking integrin β1 or β3 on tumor cells before 
addition onto TNFα-stimulated endothelium, adhesion of tumor cells to vehicle-treated 
endothelium was decreased, whereas adhesion to cisplatin-stimulated endothelium 
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FiGURe 2. Chemotherapy pretreatment enhances early retention of tumor cells in the 
lungs.  (A,B) Mice were pretreated with cisplatin or vehicle control. Four days later, C26 cells were 
administered iv; 24 hours later, mouse lungs were perfused, filled with agarose, fixed, sectioned and 
stained with DAPI (blue). The number of mCherry+ tumor cells (red) in the lungs was analyzed by 
CLSM. (C) For adhesion assays, bEND.3 EC monolayers that had been pretreated with cisplatin or 
vehicle were stimulated with TNFα (left panel) or IL-1β (right panel). After 4 hrs, calcein-labeled C26 
were added. After 50 minutes, non-adherent C26 cells were taken off and wells were washed three 
times with HBSS containing EGTA and Mg2+. Adherent tumor cells were quantified by a fluorescence 
plat reader and plotted normalized to the adhesion of tumor cells to vehicle-pretreated endothelium; 
(D) Similar experiments were performed after bEND.3 pretreatment with paclitaxel and stimulation 
with TNFα; (e) Cisplatin pretreatment of primary mouse lung ECs enhanced initial binding of tumor 
cells after stimulation with TNFα; Cis: cisplatin, Tax: paclitaxel; ns, not significant,* p<0.05, ** p<0.01, 
***p<0.001.

was unchanged, indicating that these integrins are not important for chemotherapy-
induced adhesion (Figure S3B). Similar results were found when blocking ICAM-1 or 
VCAM-1 on the endothelium (Figure S3C). Together, these experiments show that the 
chemotherapy-induced adhesion is independent of integrins β1 and β3, and VCAM-1 
and ICAM-1, and a different binding mechanism plays a key role here.

CHeMOtHeRAPY enHAnCeS VeGFR-1 eXPReSSiOn On eCS in vivo 
To clarify the chemotherapy-induced changes in ECs, we characterized several cell 
surface receptors on lung ECs after chemotherapy treatment. Mouse lungs were 
harvested four days after cisplatin administration (when we would usually inject tumor 
cells) and single cell fractions were prepared for analysis of various EC markers by 
FACS. ECs were characterized as CD31highCD45neg cells. The number of activated 
vascular cell adhesion molecule 1 (VCAM-1)-expressing ECs was similar in both 
groups (Figure 3A). However, when studying expression of vascular endothelial 
growth factor (VEGF)-receptors, a significant increase in VEGFR-1 expression on 
lung ECs was found, whereas the percentage of VEGFR-2-expressing ECs remained 
unchanged (Figure 3A). VEGFR-1 expression was only increased in activated, VCAM-
1-expressing ECs (Figure 3A), suggesting that VEGFR-1 is specifically upregulated in 
activated endothelial cells upon chemotherapy exposure.  We confirmed the enhanced 
VEGFR-1 in pulmonary ECs of mice following exposure to chemotherapy by performing 
co-immunofluorescence of CD31 and VEGFR-1. Indeed, a larger percentage of CD31+ 
ECs co-expressed VEGFR-1 in lungs obtained from mice that had been pretreated 
with chemotherapy (Figure 3B and 3C). 

A different population of VEGFR-1-expressing cells, circulating VEGFR-1-expressing 
hematopoietic cells, has recently been implicated in tumor growth and progression 
[12-15]. To exclude the possibility that we are in fact studying VEGFR-1-expressing 
hematopoietic cells, control experiments were performed using pan-hematopoietic cell 
marker CD45. Pulmonary levels of VEGFR-1-expressing hematopoietic cells remained 
unchanged 4 days after chemotherapy (Figure 3D). In addition, no increases of VEGFR-
1-expressing myeloid cells (VEGFR-1+CD11b+; Figure S4A), VEGFR-1–expressing 
hematopoietic progenitor cells (VEGFR-1+CD45+CD117+; Figure S4B), and VEGFR-
1-expressing hemangiocytes [15] (VEGFR-1+CD45+CXCR4+; Figure S4C) were 
observed in the lungs. Analysis of peripheral blood of mice 4 days after treatment did 
not show cisplatin-induced mobilization of VEGFR-1-expressing hematopoietic cells 
(Figure S4D) nor hemangiocytes (Figure S4e). Together, these experiments confirm 
that VEGFR-1 upregulation indeed takes place in non-hematopoietic CD31high VCAM-
1+ ECs. 
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FiGURe 3. Chemotherapy enhances VeGFR-1 expression on eCs in vivo and in vitro (A) 
Mouse lungs were harvested four days after treatment with cisplatin or vehicle control. Single cell 
samples were prepared and stained for flow cytometry with antibodies to VCAM-1 (upper left panel), 
VEGFR-2 (upper middle panel), VEGFR-1 (upper right panel) in all CD45negCD31high ECs, VEGFR-1 
in VCAM-1+ ECs (lower left panel) and in VCAM-1– ECs (lower middle panel). (B,C) 4 days after 
cisplatin or vehicle, 300 μm slides were prepared and stained for CD31 and VEGFR-1. Expression 
of CD31 (red) and VEGFR-1 (green) was analyzed by CLSM. Cells that expressed both markers 
were quantified. (D) Expression of CD45 was determined on VEGFR-1+ cells harvested from mouse 
lungs 4 days after chemotherapy. (e) ECs were incubated with accumulating doses of cisplatin for 4 
hours. At day 4 after incubation, cells were harvested, stained with antibodies against VEGFR-1 and 
analyzed using FACS; Cis: cisplatin, ns: not significant, * p<0.05, ** p<0.01, ***p<0.001.

To determine whether VEGFR-1 upregulation on ECs is a direct effect of cytotoxic 
agents, we incubated ECs with chemotherapy in vitro. To mimic the acute peak in drug 
concentration that mice experience in vivo, ECs were exposed to 3 or 5 μM cisplatin 
for 4 hours. After washing-out of the chemotherapeutic drug, ECs were maintained in 
culture medium for four days, corresponding to the time point at which tumor cells were 
injected in our in vivo experiments. Interestingly, a significant upregulation of VEGFR-1 
on ECs was found by flow cytometry, which increased with ascending doses of cisplatin 
(Figure 3e). In contrast, VEGFR-2 expression on ECs was not increased (data not 
shown). 

Furthermore, we investigated whether the VEGFR-1 increase was found solely on 
pulmonary ECs by performing flow cytometry studies on single cell isolates from 
different organs. In the lungs we found that the VEGFR-1+ increase was most profound 
on ECs expressing high levels of CD31. Surprisingly, this population was much less 
abundant in the other analyzed organs. In the lungs, on average 12.3% of ECs was 
CD31high, comprising over 2.2% of all cells in the lungs. In liver and spleen, only 0.11% 
of all cells is a CD31high EC, whereas in brain this percentage was as low as 0.05%. 
These numbers were too low to allow meaningful statistical comparison between 
controls and chemotherapy pre-treated animals. Of note, no metastases were found in 
other organs in our model. 

BLOCKinG VeGFR-1 PReVentS eARLY RetentiOn OF tUMOR CeLLS in tHe 
LUnGS AnD CHeMOtHeRAPY-inDUCeD MetAStASeS
To determine whether tumor cell retention in mouse lungs following chemotherapy 
exposure could be attributed to VEGFR-1 upregulation on ECs, we obtained 
neutralizing antibodies targeting mouse VEGFR-1 (Clone MF1, ImClone Systems 
Inc.). Since we specifically aimed to block host VEGFR-1, we excluded direct effects of 
these antibodies on the tumor cells. C26 proliferation in vitro was not influenced by the 
addition of MF1 (Figure 4A) and a single administration of MF1 one day before tumor 
cell injection in the absence of cisplatin did not diminish the number of lung colonies 
after 13 days (Figure 4D, left and third bar). These findings correspond to a recently 
published study in which continuous MF1 treatment did not change the number of C26 
lung colonies after iv injection [16].

In order to test whether MF1 would block early retention of tumor cells in mouse 
lungs after chemotherapy exposure, we administered chemotherapy to BALB/c mice, 
followed by MF1 three days later. One day after MF1 injection, C26-mCh tumor cells 
were injected iv. Cisplatin therapy was again found to significantly enhance the number 
of C26-mCh cells in the lungs after 24 hours (Figure 4B,C), while MF1 by itself did not 
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FiGURe 4. Blocking VeGFR-1 prevents early retention of tumor cells in the lungs and 
chemotherapy-induced metastases (A) C26 cells were plated and MF1 was added in a 
concentration of 50 μg/ml. MTT assays were performed on 3 following days to determine the 
proliferation rate compared to vehicle control. (B,C,D) Mice were pretreated with cisplatin or vehicle 
control at day -4. At day -1, MF1 or vehicle was administered. At day 0, C26 cells were administered 
iv. For (B,C) mouse lungs were perfused, fixed and sectioned at day 1. After DAPI staining (blue), 
300 μm slides were analyzed for presence of mCh+ tumor cells (red) by CLSM. For (D) lung colonies 
were analyzed by counting surface metastases at day 13. Cis: cisplatin, ns: not significant, * p<0.05, 
** p<0.01, ***p<0.001.

change the number of tumor cells present in the lungs. However, addition of MF1 to 
cisplatin completely reversed the chemotherapy-induced tumor cell retention (Figure 
4B,C). To study whether the reduction of pulmonary tumor cell retention at early time 
points corresponded to an inhibition of the number of surface metastases at later time 
points, mice were sacrificed 13 days after tumor cell injection. We found that MF1 by 
itself again did not reduce the number of surface metastases. However, co-treatment 
of MF1 and chemotherapy was sufficient to prevent the chemotherapy-induced 
metastases. Mice treated with the combination therapy had as few surface metastases 

as the untreated control mice (Figure 4D). This was successfully reproduced in 
C57Bl/6 mice injected iv with B16F10 tumor cells (data not shown), strengthening our 
finding that VEGFR-1 blockade can specifically reduce the chemotherapy-induced 
lung colonization by tumor cells. 

Furthermore, we tested the specificity of VEGFR-1 in this process. VEGFR-2 blocking 
antibodies (clone DC101, ImClone Systems Inc.) were administered to mice and 
their effects on chemotherapy-induced metastasis were determined. We found that 
antibodies targeting VEGFR-2 did not block cisplatin-induced pulmonary metastasis 
in C57Bl/6 mice injected iv with B16F10 cells (Figure S5A), whereas pulmonary 
metastasis were in fact blocked by in a second model of BALB/c mice injected iv with 
C26 tumor cells (Figure S5B). The variability of VEGFR-2 effects across models 
suggests a direct effect of VEGFR-2 on C26 tumor cells rather than a broad effect on 
ECs. Indeed, DC101 therapy by itself - in contrast to MF1 therapy - diminished the 
number of lung metastases in BALB/C mice injected iv with C26 tumor cells (Figure 
S5B), and C26 proliferation was diminished by DC101 in vitro as determined by MTT 
(Figure S5C). Additionally, in contrast to VEGFR-1, we did not find an increase in 
VEGFR-2 expression following chemotherapy exposure of ECs in vivo (Figure 3A) 
nor in vitro (data not shown). Overall, we conclude that the endothelial cell response to 
chemotherapy resulting in enhanced pulmonary metastases is specific for VEGFR-1.

DIsCussIon
In addition to the direct effects of chemotherapy on the tumor, a host response is 
evoked that may interfere with therapy benefits [1-5]. Our study stresses the relevance 
of this host response. We here show that chemotherapy stimulated tumor cell homing 
after iv injection, resulting in an increased number of lung metastases. Chemotherapy 
exposure elevated VEGFR-1 expression on endothelial cells. Administration of 
antibodies targeting VEGFR-1 prevented both arrest of tumor cells in lungs as well as 
the formation of chemotherapy-induced pulmonary metastases.  

In the early 1970s, irradiation of mouse lungs before iv injection of tumor cells was 
shown to enhance lung colony formation [17]. A few years later, similar effects were 
observed after treatment with cyclophosphamide [18,19]. The rise in the number of 
experimental pulmonary metastases was shown to be dose-dependent and unrelated 
to blood clotting after therapy. Subsequently, some preliminary mechanisms have been 
suggested to participate in this phenomenon [20]. In 1981, two papers by Hanna and 
coworkers demonstrated a central mechanistic role for NK cells in cyclophosphamide-
induced lung metastases [21,22]. However, our study shows that the observed increase 
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in C26 metastases after cisplatin pretreatment does not depend on components of the 
adaptive immune system, since Rag2-/-;IL2Rγc-/- mice display a similar metastatic load 
as compared to immune competent mice. Thus, it is plausible that distinct cytotoxic 
agents will induce differential host effects.

Using the commonly prescribed chemotherapeutic drugs cisplatin and paclitaxel, our 
studies now provide insight in enhanced metastasis formation mediated by changes 
in vascular ECs, more specifically by upregulation of VEGFR-1. Nowadays, the 
endothelium is recognized as not simply being an inert lining to vessels, but a highly 
specialized, metabolically active interface between blood and underlying tissues 
[23]. Even though ECs are not very sensitive to cytotoxic agents because they do 
not avidly divide, patients frequently develop vascular complications, which may result 
from damage to ECs [24]. In this light, previous studies have shown that VEGFR-1 
upregulation in ECs occurred upon mechanical denudation [25]. Furthermore, when 
tumor cells were exposed to cisplatin (or related compound oxaliplatin) enhanced 
VEGFR-1 expression on their membranes was observed, which was mediated by Akt, 
Src, or MAP kinase signaling [26,27]. Further research will need to clarify whether the 
processes occurring in both cell types after chemotherapy exposure are similar. 
 
VEGFR-1 is a receptor tyrosine kinase that can bind VEGF-A, VEGF-B and PlGF. 
VEGFR-1 has a ten-fold higher affinity for VEGF than VEGFR-2, but it has a weak 
kinase activity [28,29]. Even though much remains unknown regarding its functions, 
VEGFR-1 has been implicated in metastasis formation. in VEGFR-1TK-/- mice, less 
metastases were observed than in their wild-type littermates, whereas primary 
tumor growth was not significantly different [30]. Moreover, VEGFR-1-expressing 
hematopoietic progenitor cells have been shown to initiate a premetastatic niche in 
mouse lungs, providing a permissive environment for tumor cell colonization [12]. 
In our models, we neither detected mobilization of circulating VEGFR-1-expressing 
hematopoietic (progenitor) cells into the circulation upon cisplatin administration, nor 
homing of these cells in the lungs. Yet, chemotherapy created a distinctive niche in the 
pulmonary endothelium, which is characterized by upregulation of VEGFR-1 on ECs 
and – similar to the premetastatic niche – can be inhibited by blocking VEGFR-1. It 
will be very interesting to determine whether the observed VEGFR-1 effects are due 
to inhibition of VEGFR-1 kinase signaling. Therefore, combining chemotherapy with 
a specific VEGFR-1 receptor tyrosine kinase inhibitor (RTKI) would be an alternative 
approach. However, VEGFR-1-specific RTKIs are not presently available, and multi-
targeting RTKIs such as sunitinib have anti-tumor effects in C26 and B16 tumor cells, in 
our hands (unpublished results LD and EV) as well as in literature [31-33]. Furthermore, 
pre-treatment with RTKIs has been reported to enhance iv lung metastases [34], which 
would further complicate these experiments.

Although the functional role of VEGFR-1 in the ‘chemotherapy-induced niche’ remains 
to be determined, a direct adhesive role for VEGFR-1 seems unlikely. Indeed, we could 
not block adhesion in vitro with antibodies directed at VEGFR-1 (data not shown). This 
could be due to limitations of the in vitro set-up, which obviously does not reflect the 
complexity of our in vivo models. However, an indirect role for VEGFR-1 in adhesion is 
feasible. Alternatively, and perhaps more importantly, VEGFR-1 could also function in 
tumor cell survival, invasion or migration after chemotherapy. Previously it was shown 
that primary tumors can facilitate lung colony formation after iv injection of tumor 
cells via upregulation of MMP9 in lung ECs, among other cells [30]. The enhanced 
expression of MMP9 was dependent on VEGFR-1 tyrosine kinase activity, since it was 
not observed in VEGFR-1TK-/- mice. Together, MMP-9 and VEGFR-1 mediated tumor 
cell invasion into lung tissues [30]. Given the very potent in vivo effects of MF1 in 
prevention of metastasis after chemotherapy, this mechanism could contribute to the 
early retention of tumor cells observed after chemotherapy exposure. 

Our model highlights the specific host events that are evoked by chemotherapy, 
regardless of the presence of a tumor. There are several situations in which this 
mechanism may play a clinically relevant role. First of all, all patients will experience 
chemotherapy-mediated host effects. However, those patients with tumors that are 
refractory to chemotherapy will most likely suffer most from these effects which may 
lead to early progression. Second, circulating tumor cells (CTCs) can be found in most 
patients. Chemotherapy-induced adaptation of the microenvironment may facilitate 
retention of these cells in distant organs, thereby diminishing the treatment outcome. 
Similarly, during surgery the number of CTCs increases due to manipulation of the 
tumor. Hence, neoadjuvant chemotherapy may prime the microenvironment in such 
a way that these circulating tumor cells have a higher chance of forming metastatic 
foci. In these, and perhaps other relevant clinical situations, VEGFR-1 blockade could 
potentially lead to an improved treatment outcome for patients.

In summary, we show that endothelial cell changes occurring upon chemotherapy 
exposure in mice can create an environment favorable for metastasis formation 
through expression of VEGFR-1. This study provides a novel rationale for the addition 
of VEGFR-1 targeting agents to current chemotherapy regimens.
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SUPPLeMentAL FiGURe S1. no vascular leakage is observed at the time of tumor cell 
injection. Four days after cisplatin treatment, rhodamine-conjugated dextran was injected iv 30 
minutes before sacrificing the mice. Vascular leakage was analyzed immediately after sacrifice by 
CLSM.

SUPPLeMentAL FiGURe S2. c26-mch cells are fluorescent and proliferate similarly to c26 
parental cells. An mCherry+ clone that (A) showed clear fluorescence in vitro and (B) comparable 
proliferation as determined by MTT analysis was selected for in vivo analysis. (C) After iv injection of 
tumor cells into the tail vein, the mCherry-expressing clone developed a similar amount of surface 
metastases after 2 weeks, compared to the parental C26 cell line. (D) Fluorescence was maintained 
2 weeks after iv injection; ns: not significant.

SUPPLeMentAL FiGURe S3. (A) For adhesion assays, bEND.3 EC monolayers that had been 
pretreated with cisplatin or vehicle control were stimulated for 4 hours with TNFα combined with PMA. 
Tumor cells were calcein-labeled and added to the wells. After 50 minutes, non-adherent tumor cells 
were removed and baseline fluorescence was measured. Then, wells were washed three times and 
after the third wash adhering C26 cells were determined by fluorescence analysis; The ratio between 
adherent cells after wash 3 versus adherent cells after initial tumor cell removal was calculated. 
(B) in separate experiments, bEND.3 EC monolayers that had been pretreated with cisplatin or 
vehicle control were stimulated for 4 hours with TNFα. Tumor cells were calcein-labeled, incubated 
with antibodies targeting VCAM-1 or ICAM-1, and added to the EC monolayers. (C) bEND.3 EC 
monolayers that had been pretreated with cisplatin or vehicle control were stimulated for 4 hours 
with TNFα. C26 tumor cells were calcein-labeled and blocking antibodies to integrin β1 or β3 were 
added to the tumor cells. Subsequently, tumor cells were placed onto EC monolayers and adhesion 
experiments were performed.  Cis: cisplatin, * p<0.05, ** p<0.01, ***p<0.001.
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SUPPLeMentAL FiGURe S4. Hematopoietic cells in lungs and circulation after cisplatin 
treatment. (A,B,C) Mouse lungs were harvested four days after treatment with cisplatin or vehicle 
control. Single cell samples were prepared and stained for flow cytometry analysis of (A) VEGFR-
1+CD11b+ myeloid cells, (B) VEGFR-1+CD45+CD117+ hematopoietic progenitor cells and (C) 
VEGFR-1+CD45+CXCR4+ hemangiocytes. (D,e) Blood was withdrawn four days after treatment 
with cisplatin or vehicle control. Red blood cells were lysed and peripheral blood cells were stained 
for (D) VEGFR-1+CD45+ hematopoietic cells and (e) VEGFR-1+CD45+CXCR4+ hemangiocytes.

SUPPLeMentAL FiGURe S5. chemotherapy effects are specifically blocked by vegFR-1 
antibodies and these effects are independent of VeGFR-1 kinase signaling. Mice were 
pretreated with cisplatin or vehicle control at day -4. At day -1, 800 μg DC101 or vehicle control was 
administered per mouse and at day 0, C26 cells were administered iv to BALB/c mice (A), or B16F10 
cells were administered to C57Bl/6 mice (B). At day 13, lung colonies were analyzed by counting 
surface metastases. (C) C26 cells were plated and DC101 was added in a concentration of 50 μg/
ml. MTT assays were performed on 3 following days to determine the proliferation rate compared to 
vehicle control. 
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Chemotherapy is the main treatment modality for patients with metastatic disease. 
Unfortunately, response to chemotherapy is only transient and eventually almost all 
tumors become resistant to chemotherapy. Development of resistance to chemotherapy 
is therefore one of the major obstacles in the effective treatment of cancer patients with 
metastatic disease. In addition to conventional chemotherapy, more and more targeted 
therapies are directed against specific properties of the tumor cell itself, against the 
cells in the immediate vicinity of the tumor or to certain growth factors that are known 
to stimulate tumor growth.

This thesis focuses on the tumor-host interaction, it examines the role of different bone 
marrow derived cells (BMDCs) in tumor growth, metastasis formation and response to 
therapy. The aim of this research is to find new targets to improve anti-cancer therapy 
in patients by a better understanding of the tumor-host interaction. 

It is becoming increasingly clear that the tumor micro-environment plays a key role in the 
behavior of the tumor. Chapter 1 provides a general introduction and gives an overview 
on how tumors actively modulate their micro-environment by recruiting inflammatory 
cells and bone-marrow derived cells (BMDCs) in order to create a favorable growth 
environment. The recruited BMDCs influence tumor growth in various ways. First 
of all, they are found to play a role in angiogenesis. 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. 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, BMDCs contribute to neovascularization. Endothelial progenitor cells (EPCs), but 
also specific monocytic cells (Gr1/CD11b + cells) like tumor-associated macrophages 
(TAMs) and tie-2 expressing monocytes (TEMS), enhance tumor angiogenesis. 
Furthermore, VEGFR-1+ haematopoietic BMDCs are found to 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. 
Besides their specific role in tumor angiogensis, BMDCs in general contribute to the 
tumor microenvironment. Besides the vasculature, the tumor microenvironment, also 
called the tumor stroma, includes fibroblasts, various peri-vasculature cells and the 
extra-cellular matrix. Most if not all solid tumors have some degree of tumor stroma, 
and the presence of reactive stroma is often an indicator of poor prognosis. Tumors 
actively modulate their micro-environment by recruiting inflammatory cells, tumor 
associated fibroblasts (TAF) and various types of bone-marrow derived cells such the 

EPCs, HPCs and mesenchymal stem cells (MSCs). Via secretion of various growth 
factors and cytokines the stromal compartment has been found to enhance tumor 
growth, promote metastasis formation and influence response to therapy. 

In chapter 2 we show how mesenchymal stem cells (MSCs) induce resistance 
to chemotherapy. MSCs are recruited to the tumor microenvironment where they 
are found to enhance tumor growth and promote metastasis formation. Because 
of there important role in wound healing and tissue repair we hypothesized that 
MSCs might also protect the tumor from the therapy and therefore play a role in the 
induction of resistance. Indeed we found that MSCs are activated by specific forms of 
chemotherapy, namely the platinum-based chemotherapy. In response to the platinum-
based chemotherapeutics MSCs secrete specific resistance inducing factors. Through 
a metabolomics approach, we identified two distinct platinum-induced polyunsaturated 
fatty acids (PIFAs), KHT and 16:4(n-3), that in minute quantities induce resistance to 
a broad spectrum of chemotherapeutic agents.  Inhibition of the enzymes involved in 
the production of these PIFAs, namely COX and thromboxane synthase, completely 
prevents the induction of resistance  by the MSCs. Addition of COX  and thromboxane 
synthase inhibitors to conventional chemotherapy significantly enhanced the effectivity 
of the chemotherapy. This shows how chemotherapy activates the host-compartment, 
in this case the MSCs, to elict an acute systemic repair response in order to protect the 
tumor from the chemotherapy. Inhibition of this repair response significantly enhanced 
the effectivity of the chemotherapy. Interestingly, the identified PIFAs were present 
in commercially available fish oil products. Administration of clinically relevant doses 
of fish oil clearly induced resistance in our mouse models. These data need to be 
confirmed in humans, however pending these results we discourage cancer patients to 
use fish oil products during anti-cancer treatment. 

We aim to translate these findings to the clinic in three different ways. First of all we 
will measure MSCs and PIFA levels in patients treated with different types of platinum 
and non-platinum-based chemotherapy. We will test whether MSCs and PIFA levels 
differ between different types of cancer and different types of chemotherapy. We 
will investigate whether there is a correlation between MSC levels and PIFA levels 
and we aim to correlate these levels with response to chemotherapy. Secondly, we 
are designing an intervention phase I trial in which we will combine platinum-based 
chemotherapy with either COX or thromboxane-synthase inhibitors. Thirdly, we will 
perform a healthy volunteer study testing whether various types of fish oil products can 
lead to clinically relevant PIFA plasma concentrations. 
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In the next chapters the systemic host repair response is further evaluated. Chapter 
3, 4 and 5 focus on the treatment enhanced angiogenesis. When the tumor or system 
is provoked by certain stress signals such as surgery or chemotherapy, an immediate 
and very effective release of growth factors and progenitor cells is seen as part of 
an acute ‘seek and repair’ mechanism in order to protect the tumor. In chapter 3 is 
shown how specifically the taxane-based chemotherapeutics, namely paclitaxel and 
docetaxel, induce an acute mobilization of endothelial progenitor cells (EPCs) from the 
bone marrow to the tumor. The acute release of EPCs was confirmed in blood samples 
from patients. In the blood of patients treated with taxane-based chemotherapy a 
significant increase in EPCs was seen within hours after start of treatment. Besides 
EPCs an increase is seen in other bone marrow cells like hemangiocytes and tie-
2 expressing monocytes. In mouse models it is shown that these cells home to the 
tumor where they enhance angiogenesis and obfuscate the effects of  chemotherapy.  
Preventing the mobilization of EPCs by either VEGFR-2 inhibitors or antibodies against 
SDF1α specifically enhanced the effect of taxane-based chemotherapeutics and not 
of other types of chemotherapy, like gemcitabine, which do not mobilize the EPCs. 
The same effect is achieved by using an Id knockout mouse that is unable to mobilize 
specifically EPCs. These findings shine new light on the mechanism of rapid tumor 
progression during or immediately after treatment with chemotherapy. Furthermore 
it provides a novel view on the previously proposed mechanisms for the synergistic 
effects of combining chemotherapy with anti-angiogenic therapy.

Chapter 4 provides the clinical data supporting the preclinical data in chapter 3. We 
show that, in cancer patients, not only in the first hours after chemotherapy (chapter 3), 
but also in the recovery phase of the bone marrow after 7-21 days an increase of EPCs 
in the blood is seen. This increase is not limited to the taxane-based chemotherapy, 
but is seen after many types of chemotherapy in patients with various forms of cancer. 
The clinical relevance of these cells is supported by the fact that extent of the increase 
of these cells in the blood correlates with response to chemotherapy and survival of 
the patient. A sharp increase in these cells is shown to be a negative prognostic sign. 
Preventing the increase in these cells after chemotherapy could perhaps enhance 
chemotherapy efficacy in patients, similar to the observations in the mouse models in 
chapter 3, making this a nice translation tot the clinic of the data in chapter 3. 

Chapter 5 further investigates the contribution of bone marrow-derived endothelial cells 
to tumor growth and angiogenesis with and without chemotherapy treatment. For this we 
used a unique, inducible VE-cadherin Cre EYFP model which allowed us to specifically 
track the bone marrow-derived endothelial cells and specifically target these cells 
by using an inducible VE-cadherin Cre Notch knock-out model. We show enhanced 

angiogenesis after treatment with different forms of chemotherapy, together with an 
enhanced influx of these specific VE-cadherin-positive BMDCs after chemotherapy. 
The vast majority of the YFP+ cells in the tumor are found to be located peri-vascular, 
only a small subpopulation of these cells appears to be directly incorporated in the 
vasculature. The VE-cadherin positive cells consist of two different populations: the 
endothelial-like cells, expressing the endothelial markers PECAM and VE-cadherin 
and the monocytic cells, expressing Gr1 and CD11b. Preventing the recruitment of 
specifically these bone marrow-derived VE-cadherin expressing cells by using the 
selective notch knock-out model completely prevented the treatment-enhanced 
angiogenesis and significantly enhanced chemotherapy efficacy. Furthermore, in 
the untreated tumors the angiogenesis and tumor growth in the VE-cadherin Notch 
knockout model is decreased compared to the control group. This shows that this 
particular population of VE-cadherin expressing bone marrow derived cells plays a very 
important role in supporting angiogenesis and therefore tumor growth. Preventing the 
contribution of these cells to the tumor micro-environment could potentially enhance 
chemotherapy efficacy in patients. 

Finally, chapter 6 reveals a third way by which chemotherapy can activate host cells 
to enhance tumor growth. Several types of chemotherapy cause an upregulation of 
VEGFR-1 on endothelial cells. This is accompanied by an increased adhesion of tumor 
cells to the endothelium and an increase in the number of lung metastases. Antibodies 
against VEGFR-1 can counteract this effect. This shows that via upregulation of 
VEGFR-1 in endothelial cells chemotherapy can create a favorable environment for 
tumor cells to metastasize. Inhibition of VEGFR-1 function may therefore be used to 
counteract chemotherapy-induced retention of tumor cells within the metastatic niche, 
providing a novel level of tumor control in chemotherapy.

The clinical implications of this thesis mainly consist of optimizing the effect of current 
treatments by better combining agents and identifying new targets for therapy. Based on 
our results, combining conventional chemotherapy with targeted therapies, in order to 
prevent the systemic host-repair response, seems promising to enhance chemotherapy 
efficacy. Various combinations with agents targeting the different aspects of the tumor-
host interaction could be explored. Conventional chemotherapy can potentially be 
combined with agents targeting the various growth factors and cytokines involved in 
the release or homing of BMDC to the tumor, including VEGF and SDF1α. Secondly, 
agents blocking the downstream effects of the BMDCs, including inhibition of the 
production of the identified PIFAs as described in chapter 2 and antibodies against e.g. 
Il-6, CCL5, VEGFR-1, can potentially enhance the efficacy of chemotherapy. Thirdly, 
more general modulators of the micro-environment like erlotinib, imatinib or hedgehog 
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inhibitors are promising targets to enhance conventional chemotherapy. Notably, 
besides choosing the right combination of drugs, the timing of the different drugs is also 
essential to optimize efficacy by preventing the chemotherapy-induced host response 
in time. In the design of new clinical studies, this concept of enhancing conventional 
chemotherapy by blunting the host-repair response should be further explored.

Concluding, this thesis shows that in addition to the direct anti-tumor effect of the 
chemotherapy, chemotherapy elicits a protective host response that actually promotes 
tumor growth. The outcome will therefore be determined by the balance between 
the cytotoxic effects of chemotherapy on one hand versus the activation of the 
microenvironment on the other hand, which might obfuscate the benefits of treatment 
and may actually induce resistance. Clinical studies are needed to evaluate the relative 
importance of this mechanism in the treatment of patients with cancer.

neDeRLAnDSe SAMenVAttinG
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Voor patiënten waarbij de kanker is uitgezaaid, is chemotherapie vooralsnog de 
voornaamste vorm van behandeling. De praktijk is dat patiënten achtereenvolgens 
meerdere lijnen van chemotherapeutische behandelingen ondergaan. Helaas is de 
respons op chemotherapie in de meeste gevallen slechts tijdelijk en uiteindelijk raakt 
de tumor ongevoelig, oftewel resistent, voor de chemotherapie. Hierdoor is genezing 
van patiënten met uitgezaaide kanker in de meeste gevallen nog steeds niet mogelijk. 
Het ontstaan van resistentie tegen chemotherapie is dan ook een van de belangrijkste 
obstakels in het effectief behandelen van patiënten met kanker. Steeds meer wordt er 
naast de conventionele chemotherapie gebruik gemaakt van de zogenaamde ‘targeted 
therapies’. Deze therapieën kunnen zich richten tegen specifieke celeigenschappen 
van de tumorcel, tegen de cellen in de directe omgeving van de tumor of tegen 
bepaalde groeifactoren die de groei van de tumor stimuleren. 

Dit proefschrift richt zich op de interactie tussen de tumor cel en de eigen lichaamscellen 
met als doel de conventionele anti-kanker behandelingen te verbeteren. Het onderzoek 
richt zich specifiek op de rol van verschillende cellen uit het beenmerg met betrekking 
tot tumorgroei, het ontstaan van uitzaaiïngen en het bepalen van de respons op 
behandeling. Het doel van dit onderzoek is om door een beter begrip van deze 
interacties nieuwe aangrijpingspunten te vinden om de behandeling van patiënten 
met kanker te verbeteren. De bevindingen van dit onderzoek zijn voornamelijk 
gebaseerd op muismodellen. Voor een deel zijn de resultaten bevestigd in patiënt-
gebonden onderzoek. De resultaten die hierna volgen zijn in principe gebaseerd op de 
muismodellen, tenzij anders vermeld. 

Onderzoek laat in toenemende mate zien dat tumoren groeien met behulp van hun 
omgeving. Hoofdstuk 1 geeft in een algemene inleiding een overzicht van hoe tumoren 
hun eigen micro-omgeving modelleren door verschillende celtypen aan te trekken uit 
het beenmerg om zo een gunstige groeiomgeving voor zichzelf te creëren. Cellen 
uit het beenmerg kunnen op verschillende manieren de tumorgroei bevorderen. 
Enerzijds kunnen - onder andere - de endotheel-voorlopercellen, maar ook bepaalde 
monocytische (Gr1/CD11b+) cellen, zoals tumor-geassocieerde macrofagen (TAMs) en 
tie-2 expresserende monocyten (TEMs), de bloedvatvorming in de tumor bevorderen. 
De vorming van bloedvaten, angiogenese, is noodzakelijk voor de tumor om aan 
voedingsstoffen te komen en maakt het voor de tumor mogelijk om uit te zaaien. Verder 
kunnen bepaalde cellen uit het beenmerg, de VEGFR-1 positieve hemangiocyten, 
een zogenaamde ‘pre-metastatic niche’ vormen. Deze niche vormt een vruchtbare 
omgeving voor de tumorcellen zodat er gemakkelijker uitzaaiingen kunnen ontstaan. 
Ook kunnen cellen uit het beenmerg meer in het algemeen bijdragen aan de tumor 
micro-omgeving als onderdeel van het tumor-stroma. Het tumor-stroma bestaat uit 
verschillende steuncellen, afweercellen en stamcellen, waaronder mesenchymale 

stamcellen (MSCs) en tumor-geassocieerde fibroblasten (TAFs). Via uitscheiding van 
diverse signaalstoffen speelt deze stromale component een belangrijke rol in de wijze 
waarop de tumor zich gedraagt. Deze component ondersteunt tumorgroei, stimuleert 
de vorming van uitzaaiingen en beïnvloedt hoe de tumor reageert op een behandeling. 
In het algemeen is de aanwezigheid van veel stroma een slecht prognostisch teken. 
Specifieke genetische eigenschappen van het stroma in borstkankerpatiënten bepalen 
of een patiënt wel of niet op een bepaalde behandeling  zal reageren. 

In hoofdstuk 2 laten wij zien hoe mesenchymale stamcellen (MSCs) resistentie tegen 
chemotherapie veroorzaken. MSCs worden door de tumor gerekruteerd naar de micro-
omgeving van de tumor. Uit eerder onderzoek blijkt dat MSCs door het uitscheiden van 
bepaalde stoffen de tumorgroei en de vorming van uitzaaiïngen kunnen bevorderen. 
MSCs spelen in het lichaam een belangrijke rol bij wondgenezing, vandaar onze 
hypothese dat ook in de tumor deze cellen mogelijk een beschermend effect hebben 
en daarmee de werking van de chemotherapie zouden kunnen verminderen. In dit 
hoofdstuk laten wij zien hoe de MSCs geactiveerd worden door specifieke vormen 
van chemotherapie, namelijk de platinum bevattende chemotherapeutica. In respons 
op deze chemotherapie scheiden de MSCs specifieke vetzuren uit, de zogenoemde 
‘platinum-induced fatty acids’ (“PIFAs”). In zeer lage concentraties veroorzaken deze 
PIFAs resistentie van de tumor tegen een breed spectrum aan chemotherapeutica. 
Door de bij de productie van deze PIFAs betrokken enzymen, de COX en tromboxaan-
synthase, te remmen kan het ontstaan van de resistentie tegengegaan worden. COX-
remmers en tromboxaan-synthase remmers verhogen hierdoor de effectiviteit van de 
chemotherapie. De onderzoeksresultaten laten zien hoe in reactie op chemotherapie 
lichaamseigen (stam)cellen, in dit geval de MSCs, geactiveerd worden tot het 
geven van een beschermingsrespons aan de tumor. Door het remmen van deze 
beschermingsrespons kan de effectiviteit van de chemotherapie versterkt worden. 
Opvallend genoeg bleken commercieel verkrijgbare visolie producten de zogenoemde 
PIFAs te bevatten. Klinisch relevante doseringen visolie veroorzaakten resistentie in 
onze muismodellen. Deze resultaten moeten nog bevestigd worden in de mens, maar 
in afwachting van deze resultaten is ons advies aan kanker patiënten om tijdens anti-
kanker behandeling geen visolie producten te gebruiken. 

Wij willen op 3 manieren deze bevindingen verder naar de kliniek vertalen. Ten eerste 
willen wij in patiënten met verschillende soorten kanker die behandeld worden met 
verschillende vormen van chemotherapie, MSC- en PIFA-concentraties meten in 
het bloed. Hierbij willen wij onderzoeken of er verschillen in deze concentraties zijn 
tussen de verschillende typen kanker of chemotherapie. Wij willen analyseren of er 
een correlatie is tussen de MSC- en de PIFA-concentraties. Ook willen wij nagaan 
of er een correlatie is tussen deze concentraties en de respons op chemotherapie. 
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Ten tweede willen wij een interventie studie starten in de vorm van een fase I studie 
waarin wij platinum-bevattende chemotherapie willen combineren met, hetzij een 
COX remmer, hetzij een tromboxaan-synthase remmer. Tot slot willen wij in gezonde 
vrijwilligers testen of het gebruik van visolie producten leidt tot klinische relevante 
plasma-concentraties van de PIFAs. 

Ook in het onderzoek dat beschreven wordt in de volgende hoofdstukken staat deze 
eerder genoemde beschermingsrespons van het lichaam in reactie op chemotherapie 
centraal. In de hoofdstukken 3, 4 en 5 wordt aangetoond hoe het lichaamseigen 
beschermingsmechanisme als de tumor onder druk komt te staan of bijvoorbeeld 
schade ondervindt van chemotherapie in gang wordt gezet. Dit gebeurt doordat de 
tumor signaalstoffen uitscheidt en er vervolgens extra cellen vanuit het beenmerg naar 
de tumor worden gerekruteerd. Deze cellen kunnen het herstel van de tumor tijdens de 
behandeling ondersteunen op eenzelfde wijze als deze cellen dat bij een wond of een 
infectie doen. Hoofdstuk 3 laat zien dat de taxane bevattende chemotherapieën zoals 
paclitaxel en docetaxel, een acute mobilisatie van endotheel-voorlopercellen (EPCs) 
uit het beenmerg veroorzaken. Deze bevinding werd bevestigd in bloedsamples van 
patiënten. In het bloed van de patiënten die behandeld werden met de op taxane-
gebaseerde chemotherapie werd in de eerste uren na de start van de chemotherapie 
een duidelijke stijging waargenomen van deze EPCs in het bloed. Naast de EPCs wordt 
ook een stijging in andere beenmergcellen gezien in het bloed, zoals hemangiocyten 
en tie-2 expresserende monocyten. In muisonderzoek blijken deze cellen vervolgens 
naar de tumor te gaan waar zij de angiogenese stimuleren en daarmee het effect van 
de chemotherapie deels teniet doen. Het remmen van de contributie van deze EPCs 
door toevoeging van bijvoorbeeld VEGFR-2 of SDF1α inhibitors versterkte specifiek de 
werking van de op taxane-gebaseerde chemotherapie. Hetzelfde effect wordt bereikt 
door het gebruik van een Id knock-out muis. Deze muizen zijn zodanig gemuteerd 
zodat zij niet in staat zijn tot het mobiliseren van specifiek de EPCs. Deze bevindingen 
doen nieuw licht schijnen op het mechanisme van snelle tumorprogressie tijdens of 
vlak na de behandeling met chemotherapie en vormen bovendien een aanvulling op de 
eerder voorgestelde verklaringen voor de synergie van conventionele chemotherapie 
met angiogenese remmers. 

In hoofdstuk 4 worden de klinische data beschreven ter ondersteuning van de pre-
klinische data uit hoofdstuk 3. We laten zien dat in kankerpatiënten een stijging van 
de EPCs in het bloed optreedt,  niet alleen in de eerste uren na de chemotherapie 
zoals aangetoond in hoofdstuk 3, maar juist ook in de herstelfase van het beenmerg 
van 7 tot 21 dagen na chemotherapie. Deze stijging beperkt zich niet tot de op 
taxane-gebaseerde chemotherapeutica, maar wordt waargenomen na vele soorten 
chemotherapie bij verschillende soorten kanker. De klinische relevantie van de EPCs 

wordt ondersteund door het feit dat de mate van stijging van deze cellen in het bloed 
correleert met de respons op de chemotherapie en de overleving van de patiënt. Een 
sterke stijging in deze cellen is een negatief prognostisch teken. Mogelijk dat door 
voorkoming van de stijging van deze cellen de respons op de chemotherapie kan 
verbeteren, zoals wordt gezien in de muismodellen in hoofdstuk 3. 

In Hoofdstuk 5 verdiepen wij ons verder in de bijdrage van stamcellen uit het beenmerg 
aan de bloedvatvorming in de tumor. In dit hoofdstuk wordt gebruik gemaakt van een 
uniek model, waarin de beenmergcellen die VE-cadherine tot expressie brengen ook het 
fluorescente eiwit YFP expresseren. Door deze techniek zijn de VE-cadherine positieve 
cellen uit het beenmerg door de muis te volgen en ook specifiek te beïnvloeden door 
combinatie met een VE-cadherine specifieke notch knock-out. Ook dit onderzoek laat 
zien dat na behandeling met verschillende vormen van chemotherapie er een toename 
is van de bloedvatvorming in de tumor en dat dit gepaard gaat met de rekrutering 
van specifieke cellen uit het beenmerg. Deze VE-cadherine positieve cellen bevinden 
zich met name rondom de vaten en maken slechts in beperkte mate werkelijk deel uit 
van de vaatwand. De VE-cadherine positieve cellen bestaan uit twee verschillende 
populaties, te weten de endotheliale cellen, die de endotheel markers PECAM en 
VE-Cadherine tot expressie brengen en de monocytische cellen die de marker Gr1 
en CD11b tot expressie brengen. Door selectief in de VE-cadherine expresserende 
cellen notch uit te schakelen wordt specifiek de rekrutering van deze cellen uit het 
beenmerg naar de tumor te voorkomen. Hierdoor wordt de versterkte angiogenese na 
de chemotherapie tegengegaan en werkt de chemotherapie veel effectiever. Ook in 
onbehandelde tumoren is de angiogenese en tumorgroei in het VE-cadherine notch 
knock-out model verminderd ten opzichte van de controle groep. Dit laat zien dat deze 
specifieke populatie van VE-cadherine expresserende cellen uit het beenmerg een 
zeer belangrijke rol speelt in het ondersteunen van angiogenese en daarmee ook in de 
groei van de tumor. Het voorkomen van de bijdrage van deze cellen aan de tumor zou 
dus mogelijk de effectiveit van de chemotherapie kunnen vergroten. 

Tot slot toont hoofdstuk 6 een derde wijze waarop chemotherapie lichaamseigen 
cellen kan activeren om de tumorgroei te bevorderen.  Verschillende vormen van 
chemotherapie veroorzaken een stimulering van VEGFR-1 op de endotheelcellen. Dit 
gaat gepaard met een versterkte adhesie van de tumorcellen aan het endotheel. In 
een muismodel voor longmetastasen zien wij na voorbehandeling met chemotherapie 
een toename van het aantal longmetastasen. Antilichamen tegen VEGFR-1 kunnen dit 
effect tegengaan. Dit laat zien dat chemotherapie via stimulering van VEGFR-1 op de 
endotheelcellen een gunstige omgeving creëert voor de tumorcel om in uit te zaaien. 
Het remmen van VEGFR-1 zou daarom van toegevoegde waarde kunnen zijn op de 
conventionele chemotherapie om de gunstige effecten voor de tumor tegen te gaan. 
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De klinische toepassing van dit proefschrift bestaat met name uit het optimaliseren van 
de effectiviteit van huidige behandelingen en het vinden van nieuwe therapeutische 
mogelijkheden. Op basis van onze pre-klinische en vroeg-klinische resultaten lijkt 
het combineren van conventionele chemotherapie met meer gerichte therapieën, 
die de lichaamseigen effecten kunnen tegengaan, veelbelovend. Op deze wijze 
kan de effectiveit van de behandeling van kanker mogelijk verbeterd worden. Qua 
therapeutische mogelijkheden kan gedacht worden aan diverse  combinaties van 
chemotherapie met die middelen die ingrijpen op de tumor-gastheer interactie. De 
wijze waarop deze middelen werken kan onderverdeeld worden in drie hoofdgroepen. 
Ten eerste kunnen bij de therapie middelen ingezet worden die gericht zijn op het 
voorkomen van de mobilisatie en incorporatie van de verschillende stamcellen uit het 
beenmerg naar de tumor. Dit door aan te grijpen op verschillende groeifactoren die 
hier bij betrokken zijn. Ten tweede is er de mogelijkheid om een middel in te zetten 
dat kan aangrijpt op de effecten van de (stam)cellen op de tumorcel. Het kan hierbij 
gaan om het remmen van de verschillende groeifactoren en cytokines die vrijkomen 
vanuit de stamcellen. Maar ook de upregulatie van specifieke receptoren op andere 
lichaamseigen cellen, of - zoals in hoofdstuk 2 beschreven wordt - de uitscheiding van 
specifieke vetzuren met COX en tromboxaan synthase remmers. Ten derde kan gebruik 
gemaakt worden van de toevoeging van middelen die meer in het algemeen de tumor 
micro-omgeving beïnvloeden. Deze middelen kunnen de beschermende werking van 
de omliggende stromacellen tenietdoen en daardoor de effectiveit van chemotherapie 
te verbeteren. Bij het combineren van chemotherapie met deze specifieke middelen 
die gericht zijn op de tumor-gastheer interactie, is behalve de keuze van de combinatie 
ook de timing essentieel. Dit om tijdig in te grijpen in de activatie van de verschillende 
lichaamseigen cellen door chemotherapie. In het ontwerpen van nieuwe klinische 
studies zou dit concept van het versterken van conventionele chemotherapie door 
remming van het lichaamseigen beschermings-mechanisme verder onderzocht 
moeten worden. 

Concluderend laat dit proefschrift zien dat naast het directe anti-tumor effect van de 
chemotherapie op de tumor, de chemotherapie ook een beschermingsmechanisme 
activeert van lichaamseigen cellen waardoor de tumorgroei kan worden bevorderd. 
Het netto-effect van de behandeling zal daarom worden bepaald door enerzijds 
het directe celdodende effect van de chemotherapie en anderzijds het bijkomende, 
ongunstige, effect dat chemotherapie heeft op de activatie van de omgevingscellen, 
die tot gevolg heeft dat de tumorcellen deels ongevoelig worden gemaakt voor de 
chemotherapie. Klinische studies zijn echter nodig om het belang van dit mechanisme 
in de behandeling van patiënten met kanker aan te tonen. 
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