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oUtLIne oF tHe tHesIs

In addition to their direct effects on tumor cells, certain anticancer therapies elicit a 
protective host response that can be exploited by the tumor. The focus of this thesis is to 
to characterize the decisive role of the host response in tumor growth, development of 
metastases and therapy outcome. By improving our understanding of the prosurvival effects 
of chemotherapy on the microenvironment, we aim to provide novel strategies to optimize 
antitumor therapy.

Chapter 1 provides a general introduction to this topic. 

In chapter 2, we show that chemotherapy can activate cells in the pulmonary vascular bed 
to create a favorable niche for tumor cell colonization. Pre-treatment with chemotherapeutic 
agents enhanced lung colony formation, which was reverted by addition of antibodies 
targeting VEGFR-1.

Chapter 3, 4 and 5 focus on the role of the host response in therapy resistance. 
In chapter 3, we show that upon systemic administration of a platinum-containing 
chemotherapeutic agent a host response was activated in mesenchymal stem cells (MSCs), 
leading to secretion of platinum-induced fatty acids (PIFAs) that can protect tumors against 
a broad spectrum of chemotherapeutic drugs. MSCs and PIFAs are identified as novel 
targets to enhance chemotherapy efficacy. 
Chapter 4 further elucidates how PIFAs induce resistance to chemotherapy. PIFAs are 
shown to specifically protect tumor cells against DNA damaging chemotherapeutic agents 
through a mechanism involving early repair of DNA damage. 
Chapter 5 pursues the finding that PIFA 16:4(n-3) is also present in fish oil and in fish. In 
mouse models, low dose fish oil was able to interfere with chemotherapy activity. Rapid 
rises in 16:4(n-3) plasma levels were found after fish and fish oil intake in healthy volunteers. 
Our findings show that fish oil and certain fishes are best avoided during active cancer 
treatment

Acute responses of host tissues to antitumor agents are not exclusive to chemotherapy. 
Chapter 6 provides an overview of the mechanism of action of vascular disrupting agents 
(VDAs), and the host response taking place following administration of these compounds. 
Therapy with VDAs induces a large burst in circulating endothial progenitor cells (CEPs), 
that migrate to the tumor and contribute to angiogenesis and tumor growth. 
In chapter 7, we demonstrate a novel strategy to interfere with the CEP spike by addition 
of low-dose metronomic chemotherapy. 

Finally, all findings are summarized and discussed in chapter 8. 
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AbstrACt

In addition to its direct effects on tumor cells, chemotherapy can rapidly activate various 
host processes that contribute to therapy resistance and tumor regrowth. The host 
response to chemotherapy consists of changes in numerous cell types and cytokines. 
Examples include the acute mobilization and tumor homing of proangiogenic bone marrow-
derived cells, activation of cells in the tumor microenvironment to produce systemic or 
paracrine factors, and tissue-specific responses that provide a protective niche for tumor 
cells. All of these factors reduce chemotherapy efficacy, and blocking the host response 
at various levels may therefore significantly improve treatment outcome. However, before 
the combination of conventional chemotherapy with agents blocking specific aspects of 
the host response can be implemented into clinical practice, a better understanding of the 
molecular mechanisms behind the host response is required. 
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IntrodUCtIon

Antitumor therapies frequently induce shrinkage of tumor mass, but a population of cells 
will almost invariably survive therapy. The selective pressure of therapy can lead to the 
development of resistance in this population, which may subsequently grow out into a 
clinically important tumor burden. Given the continued importance of chemotherapy in 
cancer management, chemoresistance is a major hurdle in effective anti-cancer treatment. 
Strategies to overcome this will thus have a significant impact on treatment outcome.
Drug resistance is generally considered to be evoked by altered intrinsic or acquired 
pathways within tumor cells. However, accumulating evidence suggests that antitumor 
therapies, in addition to their direct cytotoxic effects on tumor cells, also induce a systemic 
host response, which plays a role in therapy resistance. Here, we summarize the available 
literature on how anti-cancer drugs activate host responses to the unfortunate benefit of 
tumors, and provide a perspective on how to exploit these host responses to improve 
therapy effectiveness.

Host-tumor interactions 
Solid tumors consist of cancer cells surrounded by a microenvironment containing non-
neoplastic stromal cells, blood vessels and the extracellular matrix [1]. Tumors avidly interact 
with their microenvironment, not only following antitumor therapies but in all stages of 
tumor growth and development. In the absence of therapy, bone marrow-derived progenitor 
cells, immune cells, and cells forming and supporting blood vessels are actively recruited 
by the tumor [2;3]. These recruited cells in the microenvironment can collaborate with the 
neoplastic cancer cells to promote tumor growth and metastatic spread [4-6]. For example, 
cancer-associated fibroblasts have been shown to express a proinflammatory signature in 
tumors, which triggers tumor growth and angiogenesis [7]. 
Reciprocal interactions between tumor cells and surrounding cells can protect the tumor 
cells against therapy-induced cell death [8]. A number of mechanisms have been described. 
First, protective niches for tumor cells are created through enhanced tumor cell adhesion 
to microenvironment components, and by secretion of soluble factors [9-12]. The bone 
marrow forms such a niche for tumor cells, among others by secretion of factors such as 
SDF-1, the ligand of CXCR-4, which attracts tumor cells to the bone marrow and stimulates 
their survival. IL-6 secretion can activate anti-apoptotic JAK and BCL-XL signaling in the 
tumor cells, protecting them from apoptosis [13]. Second, non-neoplastic cells can trigger 
tumor cells to convert to phenotypes rendering them less sensitive to therapy, such as 
epithelial-to-mesenchymal transition, a stem cell-like state or senescence [14-19]. Finally, the 
microenvironment can provide a physical barrier limiting drug penetration in the tumor. 
Aberrant tumor blood vessels that cause high interstitial pressure, impaired blood flow and 
subsequent hypoxia can reduce drug concentration in the tumor [20]. Alternatively, in 
pancreatic cancer the highly desmoplastic stromal compartment limits drug access to the 
tumor [21;22].
The importance of tumor-stroma interactions as determinants of therapy response is 
demonstrated by the observation that removal of the microenvironment often restores 
tumor cell sensitivity [8]. Multiple studies have shown that acquired in vivo resistance can 
occur without altering intrinsic tumor cell sensitivity [23-25], and the in vivo effectiveness, or 
lack thereof, of cytotoxic agents is hard to recapitulate in ex vivo assays [26]. In cancer 
patients, specific properties of stromal cells can even be an indicator of poor prognosis. 
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For instance, increased stromal gene expression predicts resistance to preoperative 
chemotherapy in breast cancer patients [27]. 
The most publicized example of a combination of chemotherapy with drugs specifically 
targeting the tumor microenvironment is the use of antiangiogenic agents such as 
bevacizumab, an antibody directed against vascular endothelial growth factor (VEGF). A 
number of other drugs targeting non-neoplastic cells surrounding the tumor are in clinical 
development, such as VLA-4 inhibitors [28] and hedgehog inhibitors [29]. However, this last 
class of agents exemplifies that the development of combinatorial approaches may be 
challenging: the elegant preclinical studies showing that a blockade of hedgehog signaling 
augmented gemcitabine efficacy in pancreatic tumors in mice were not confirmed in a 
subsequent clinical study [21;30]. Finally, agents initially developed to target tumor cells also 
affect the microenvironment. Tyrosine kinase inhibitor erlotinib, which targets tumor cells 
overexpressing EGFR, was shown to modulate tumor-stroma interactions [31]. Similarly, 
imatinib, commonly used for its specificity against the Bcr-Abl fusion protein and in the 
treatment of tumors overexpressing c-kit, can inhibit stromal cell functions [32-34]. The efficacy 
of these agents might be partially due to their effects on the microenvironment. 

Impact of chemotherapy on host-tumor interactions: ‘the host response’ 
Even though chemotherapy was designed to target rapidly dividing tumor cells, systemic 
administration of a cytotoxic agent will invariably hit non-neoplastic cells as well. Acute 
side effects such as mucositis, myelosuppression and hair loss have taught us early on 
that proliferating and rapidly regenerating healthy tissues are damaged: the lining of the 
gut, the bone marrow and hair-follicle cells. A number of recent studies show that 
chemotherapy also has impact on multiple cell types in the tumor microenvironment. In 
some cases, the effects of chemotherapy on healthy tissues may enhance treatment 
benefits. For instance, conventional cytotoxic agents have been shown to target proliferating 
endothelial cells of the growing tumor vasculature, thereby diminishing angiogenesis. These 
antiangiogenic effects of chemotherapy can be optimized by prolonged administration of 
low-dose chemotherapy without drug-free breaks, the so-called ‘metronomic’ regimen 

[35-38]. Furthermore, some chemotherapeutic agents were shown to have immunogenic 
effects that enhance their anti-cancer efficacy, e.g. suppression of protumorigenic regulatory 
T cells by low dose cyclophosphamide [39]. Other examples include selective cytotoxicity 
towards tumor-associated myeloid-derived suppressor cells by 5FU [40], and the activation 
of tumor-antigen specific T cell immunity due to release of HMGB1 by dying tumor cells 
following anthracycline-based chemotherapy [41]. On the contrary, gemcitabine and 5-FU 
were recently shown to induce MDSC-mediated T cell proliferation into IL-17-producing 
CD4+T cells able to reduce chemotherapy efficacy [42]. Thus, in addition to the beneficial 
effects on the microenvironment, chemotherapy may also induce a host response with a 
‘malignant’ character (Figure 1). Theoretically, this could lead to the paradoxical situation 
where treatment effects of an anticancer drug on the microenvironment impair its activity 
on the tumor.

Bone marrow-derived cells (BMDCs) in the host response
To study the consequences of the host response on tumor growth, one has to distinguish 
these effects from the potent, direct antitumor effects of cytotoxic agents. Administration 
of chemotherapy to non-tumor-bearing mice provides an elegant solution to this challenge. 
Using plasma from non-tumor-bearing mice that had been treated with paclitaxel, Gingis-
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Velitsky et al. found enhanced migration and invasion of tumor cells in vitro. Additionally, 
an increased number of bone marrow cells expressing MMP-9 was observed in paclitaxel-
treated tumors, which enhanced tumor cell dissemination via an epithelial-to-mesenchymal 
transition process, thereby accelerating metastatic spread [43]. Paclitaxel administration to 
non-tumor-bearing mice also elevated plasma levels of SDF-1, the ligand of CXCR4, which 
mobilized circulating endothelial progenitor cells (CEPs) from the bone marrow into the 
circulation. Interestingly, also in patients that received taxanes as adjuvant therapy, 
elevations in SDF-1 and CEPs were found [44]. When paclitaxel was administered to tumor-
bearing mice, mobilized CEPs were shown to home to the tumor microenvironment, where 
they contributed to angiogenesis and subsequent primary tumor regrowth [45]. Antibodies 
neutralizing SDF-1 or VEGF-A blocked the rapid CEP mobilization and augmented taxane 
activity, thus providing an example of how interference with the host response can enhance 
therapy efficacy.

Figure 1 Various aspects of the host response to antitumor therapy may interfere with treatment outcome. 
The host response includes upregulation of cytokines, followed by the acute mobilization and tumor 
homing of proangiogenic bone marrow-derived cells. Activation of cells in the tumor microenvironment 
takes place, resulting in production of systemic or paracrine factors. Furthermore, tissue-specific 
responses to chemotherapy in lungs and thymus can provide a protective niche to tumor cells.  
CEP, circulating endothelial progenitor cell; TEM, Tie2-expressing monocyte; BMDC, bone marrow-
derived cell; MSC, mesenchymal stem cell; PIFA, platinum-induced fatty acid; SDF-1, stromal cell-
derived factor 1; VEGF, vascular endothelial growth factor; G-CSF, granulocyte colony-stimulating factor; 
VEGFR-1, vascular endothelial growth factor receptor 1; IL-6, interleukin-6; TIMP-1, tissue inhibitor 
of metalloproteinase 1; DDSP, DNA damage secretory program; MMP-9, matrix metallopeptidase 
9; MDSC, myeloid-derived suppressor cell; TH17, T helper cell type 17; IL-1β, interleukin-1β; IL-17, 
interleukin-17.
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In addition to CEPs, chemotherapy also enhanced tumor colonization of other types of 
proangioenic bone marrow-derived cells, such as hemangiocytes and Tie2-expressing 
monocytes (TEMs) [45-47]. Two populations of Notch-expressing cells with endothelial cell-like 
and monocyte-like characteristics were recruited to tumors upon exposure to chemotherapy. 
Both cell types, which were derived from VE-cadherin-expressing cells in the bone marrow, 
induced acquired therapy resistance that could be suppressed by inhibiting Notch [48]. Finally, 
two research groups showed that paclitaxel attracts tumor-associated macrophages (TAMs) 
to mammary tumors. Shree et al. showed that TAMs interfered with the response to 
chemotherapy by secretion of cathepsins. Concurrent therapy with paclitaxel and cathepsin 
inhibitors slowed tumor growth, which was even more effective when low-dose 
metronomic chemotherapy was added to this regimen [49]. Importantly, work by De Nardo 
et al. suggests that the homing of TAMs to tumors might actually be a tumor response 
instead of a host response, as they found that chemotherapy mediated production of CSF-
1 in tumors (and not in host cells), which then resulted in recruitment of host-derived TAMs. 
Blocking CSF1/CSF1R signaling depleted TAMs from tumors, and the combination of 
paclitaxel with an agent interfering with CSF1/CSF1R enhanced primary tumor response 
and decreased metastatic spread [50]. 
Other anti-cancer therapies also induce host responses involving bone marrow-derived 
cells, suggesting that this is a more general phenomenon not limited to chemotherapy. 
Antiangiogenic receptor tyrosine kinase inhibitor (RTKI) therapy results in changes in (among 
others) VEGF and sVEGFR-2 plasma levels in both preclinical and clinical studies [51-56]. 
Following RTKI therapy, tumor colonization of TEMs, TAMs and myeloid derived suppressor 
cells was seen [57-60], and the upregulation of several redundant proangioenic pathways in 
the microenvironment following VEGF-A blockade can be considered a host response to 
therapy [61]. Furthermore, administration of vascular disrupting agents (VDAs), cytotoxic-like 
drugs that target the established but abnormal tumor vasculature, resulted in the 
mobilization and subsequent recruitment of CEPs and TEMs to tumors by mechanisms 
quite similar to taxane therapy [62-66]. 
Surgical interventions are dependent on physiological tissue repair, which in certain 
situations may also support tumor survival. Elevated levels of CEPs and other BMDCs have 
been shown in response to open abdominal surgery when compared to laparoscopy [67-69], 
in theory supporting less invasive surgery. Finally, low-dose irradiation is known to affect 
endothelial cells and angiogenesis, potentially promoting tumor outgrowth [70]. More 
aggressive tumors were observed in mice that had been irradiated prior to tumor cell 
implantation [71]. Radiotherapy was also shown to attract myeloid cells and mesenchymal 
stem cells (MSCs) to treated tumors, even though it remains to be determined whether 
this is solely due to a host response, or that a tumor response plays a role here as well. 
[72;73]. Overall, these findings suggest that multiple types of anticancer therapy affect the 
tumor microenvironment which can promote outgrowth and repopulation of treated tumors.

Even in the absence of therapy, enhanced numbers of MSCs are present in the circulation 
of cancer patients [74;75]. These circulating MSCs take part in the host response to 
chemotherapy. In preclinical mouse models, administration of platinum chemotherapy was 
able to activate circulating MSCs, which then secreted factors that protected the tumor 
against chemotherapy. These factors were identified as the rare, largely unknown fatty 
acids hexadeca-4,7,10,13-tetraenoic acid (16-4(n-3)) and 12-oxo-5,8,10-heptadecatrienoic 
acid (KHT). Their secretion in response to platinum exposure resulted in the designation 
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‘PIFAs’: platinum-induced fatty acids. Both PIFAs were produced downstream of COX-1 
and thromboxane synthase, and inhibition of either of these enzymes was able to prevent 
PIFA secretion from MSCs. Combining cisplatin with inhibitors of COX-1 or thromboxane 
synthase augmented antitumor efficacy compared to cisplatin alone [75]. These findings may 
have clinical consequences since platinum compounds were also found to activate MSCs 
derived from healthy volunteers to secrete PIFAs, which then induced chemoresistance 
in xenografts. Moreover, as PIFAs were shown to protect tumors against a broad spectrum 
of chemotherapeutic agents, this type of resistance might not be limited to platinum 
monotherapy, but could also affect platinum-containing combination chemotherapy. This 
supports clinical exploration of the combination of chemotherapy with inhibitors of COX-1 
and thromboxane synthase. 

Non-bone marrow-derived cells in the host response
The majority of cells in the tumor microenvironment are fibroblast-like cells [5], which partially 
originate from MSCs and contribute to tumor progression [76]. Sun et al. analyzed DNA 
damage in fibroblasts in tissues from prostate, breast and ovarian cancer patients after 
chemotherapy. Extensive DNA damage and subsequent NF-κB activation was present, 
resulting in a ‘DNA damage secretory program’ (DDSP). Numerous growth factors and 
cytokines were secreted by fibroblasts ensuing chemotherapy-induced damage, among 
which WNT16B, promoting phenotypic changes in tumor cells through paracrine 
mechanisms. Not only tumor cell proliferation, epithelial-to-mesenchymal transition, 
migration and invasion were enhanced, but response to cytotoxic therapy was impaired 
as well. Blocking the DDSP through either NF-κB or WNT16B attenuation restored tumor 
response to chemotherapy [77]. 
Some aspects of the host response to chemotherapy are tissue-specific. Gilbert et al. 
reported a thymus-specific response to cytotoxic drugs that impaired tumor regression 
specifically at that anatomical localization [78]. In a mouse model of disseminated Burkitt’s 
lymphoma, doxorubicin exposure resulted in tumor regression at all lymphoid tissues with 
the exception of the thymus. There, minimal residual disease remained from which tumors 
regrew. Cytotoxic agents were shown to activate stress-responsive kinases such as p38-
MAPK in endothelial cells in the thymic microenvironment, which resulted in secretion of 
soluble factors from endothelial cells. These factors, e.g. IL-6 and TIMP-1, subsequently 
protected tumor cells against genotoxic chemotherapy. 
Even though the nature of the secreted factors differ, the results obtained by Roodhart et 
al., Sun et al. and Gilbert et al. have intriguing similarities. Upon exposure to a DNA 
damaging agent, cells in the microenvironment, either MSCs or endothelial cells or 
differentiated fibroblasts, rapidly secrete factors that protect tumor cells. Previously, DNA 
damage and subsequent secretion of factors able to modulate tissue microenvironments 
have been coupled to damage-induced senescence [79-81]. This so-called ‘senescence 
associated secretory phenotype’ [80] or ‘senescence messaging secretome’ [82] is usually 
observed a few days after DNA damage [81]. The thymic response to doxorubicin is in fact 
accompanied by a gradually occurring, temporary senescent state of the thymic tissue [78]. 
However, IL-6 production already occurs within 18 hours of chemotherapy treatment, much 
more acute than the senescent phenotype. The PIFA response is even faster: one gift of 
chemotherapy can release PIFAs from MSCs, which can then protect against the antitumor 
effects of this same gift of chemotherapy. Hence a full-blown senescent state is not 
required to induce the host response, but initial cell stress or damage may be the triggers. 
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In addition, a number of controversial studies have shown that oxidative stress can drive 
autophagy in cancer-associated fibroblasts, resulting in increased availability of nutrients 
to stimulate cancer cell metabolism. This process is known as the “Reverse Warburg 
Effect” [83].
Finally, another ‘tissue-specific survival niche’ can be found in the pulmonary vascular bed. 
When chemotherapy was administered to non-tumor-bearing mice followed by i.v. tumor 
cell injection, the number of pulmonary tumor cell colonies was enhanced compared to 
mice without pre-treatment [43;84-87]. Priming of the lungs by chemotherapy was recently 
shown to induce VEGFR-1 upregulation on a specific population of pulmonary endothelial 
cells, resulting in enhanced tumor cell retention in the lungs by a not yet uncovered 
mechanism. Combining chemotherapy with an antibody targeting VEGFR-1 diminished 
early retention of tumor cells in the lungs and prevented formation of chemotherapy-
induced metastases. Thus, when the direct antitumor effects of chemotherapy were 
absent, the host response could be visualized, creating an environment favorable for tumor 
cell colonization by directly affecting lung endothelial cells and priming the lung for tumor 
cell colonization [88]. 
We believe that by uncovering the host response that is usually masked by the potent 
antitumor activity of the chemotherapy drugs, this model shows a ‘proof of concept’. It is 
likely that the effects of the drug on the microenvironment are also present when treating 
an in-situ tumor. In the physiological situation (i.e. in the presence of direct effects on tumor 
cells), the prosurvival response of the microenvironment may limit the antitumor efficacy 
of the drug. Since preclinical studies showed similar effects following pre-treatment with 
RTKIs such as sunitinib [89], the host response might provide a general explanation for the 
lack of prolonged therapy effectiveness in patients, as well as a target for enhanced tumor 
control.

Exploiting the host response to enhance chemotherapy efficacy 
How can we now use the knowledge gained in these studies to optimize patient therapy? 
Although maximum tolerated dose (MTD) chemotherapy has clear benefits, one option is 
to change timing and dosing of chemotherapy. Current chemotherapy regimens are given 
in multiple doses with long drug-free breaks in between to allow recovery of normal tissues 
from chemotherapy-induced damage, and reduce toxicity for the patient. However, 
repopulation of surviving tumor cells between therapy cycles is commonly observed. 
Moreover, accelerated rates of regrowth after successive treatments have been reported, 
potentially fueling resistance that is often observed after an initial response [90;91]. Tumor 
repopulation in the so-called drug holidays may, at least in part, be due to host processes 
activated by chemotherapy. To avoid this, chemotherapy can be administered in a 
metronomic schedule [37]. Frequent administration prevents regrowth in between cycles 
and low doses cause less damage to the microenvironment, potentially minimizing the 
host response. In fact, metronomically administered chemotherapy has been shown to 
prevent the CEP surges into the circulation that were observed when administering the 
same cytotoxic agent at its MTD [92]. Co-administration of low-dose chemotherapy to a VDA 
was also able to block the VDA-induced CEP spikes [88]. Tumors that have acquired resistance 
to MTD chemotherapy were still found to be sensitive to the same drug when it was 
metronomically administered, and vice versa [35;36;93]. In addition, the use of a ‘chemo-switch’ 
regimen in which MTD chemotherapy is followed by a metronomic regimen has been 
shown to effectively inhibit tumor re-growth or resistance to therapy [94]. 
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Metronomic chemotherapy has been evaluated in several non-randomized phase 2 clinical 
trials [95;96], as well as in a randomized phase 2 setting involving metronomic 
cyclophosphamide with aromatase inhibitors [97]. Promising activity has been shown, along 
with favorable toxicity profiles [98;99]. Several phase III clinical trials are currently ongoing. In 
addition, one could argue that adjuvant trials using daily non-toxic doses of the 5-FU oral 
prodrug UFT in NSCLC and breast cancer represent examples of successful metronomic 
chemotherapy-like regimens in phase III [100;101]. 
Another method of minimizing host responses is by attempting to make chemotherapy 
more tumor-specific, e.g. by coupling chemotherapy to specific transporters or by making 
hypoxia prodrugs [102]. However, it will be very difficult to completely abrogate the effects 
of chemotherapy on healthy tissues. An alternative approach is to use a combination of 
a cytotoxic agent targeting the tumor and an agent that interferes with the evoked host 
response. A number of strategies can be followed, such as targeting protumorigenic 
cytokines released in response to therapy, targeting recruitment and homing of BMDCs, 
or targeting downstream pathways within BMDCs or stromal cells in the microenvironment 
(Table 1). Preclinically, all of these approaches have been used with considerable success. 
Direct inhibition of the SDF-1 / CXCR4 axis prevented the chemotherapy-induced CEP 
spike [45]. Targeting the VEGF / VEGFR pathway had similar effects, and the synergism 
of combining chemotherapy with antiangiogenic agents has been extensively studied 

[103]. Clinically, bevacizumab is approved in combination with cytotoxic agents for patients 
with advanced colorectal cancer, NSCLC, and in Europe also for advanced breast cancer 
and ovarian cancer. Examples of targeting downstream pathways in stromal cells are the 
use of COX-1 and TXS inhibitors to prevent PIFA release from MSCs [75], and JAK-2/3 or 
p38 blockade in thymic endothelial cells to prevent local survival of tumor cells [78]. 
Additionally, when a large quantity of factors is released following chemotherapy, which 
is the case in the DDSP, interfering with the paracrine interactions will be most efficient 
by targeting master regulators in stromal cells. In fibroblasts, these include NF-κB, p38-
MAPK or PARP-1 [77]. 

2012129 proefschrift Laura van Hussen.indd   17 05-03-13   16:25



chapter 1

18

Table 1  Interfering with protumorigenic host responses observed following therapy with antitumor 
agents.

Therapy Host Response Interfering with
the host response

Ref

Paclitaxel Enhanced invasion and 
migration of tumor cells, 
BMDCs and enhanced 
sprouting of endothelial cells

MMP Inhibition Gingis-
Velitsky  
et al. [43]

Upregulation of SDF-1 resulting 
in mobilization and recruitment 
of CEPs, TEMs and 
hemangiocyte

Antibodies neutralizing the 
SDF-1/CXCR-4 or VEGF/
VEGFR-2 pathway, metronomic 
chemotherapy

Shaked  
et al. [44, 45]

Recruitment of TAMs to 
tumors and secretion of 
cathepsins by TAMs

Blocking CSF1/CSF1R 
signaling, cathepsin inhibition

Shree  
et al. [49],  
DeNardo  
et al. [50]

Mobilization of Notch-
expressing cells from the bone 
marrow

Notch deletion in bone 
marrow- derived cells

Roodhart  
et al. [48]

Cisplatin Mobilization of Notch-
expressing cells from the bone 
marrow

Notch deletion in bone 
marrow- derived cells

Roodhart  
et al. [48]

Secretion of PIFAs from MSCs Inhibition of COX-1 or 
thromboxane synthase

Roodhart  
et al. [75]

Upregulation of VEGFR1 on 
pulmonary endothelial cells

Antibodies to VEGFR-1 Daenen  
et al. [87]

Gemcitabine 
and 5FU

Activation of the NLPR3 
inflammasome in MDSCs, 
leading to IL-1β production and 
T cell differentiation into IL-17 
producing TH17 cells

Inhibition of IL-1β or the NLPR3 
inflammasome

Bruchard  
et al. [42]

Doxorubicin Activation of stress-responsive 
kinases in thymic endothelial 
cells resulting in IL-6 and 
TIMP-1 release 

Inhibition of JAK, p38, ATM, 
IL-6 or Bcl-XL

Gilbert  
et al. [78]

DNA damaging 
agents 

Secretion of a DNA damage 
secretory program [a.o. 
WNT16B] by fibrobasts via 
NF-κB

Inhibition of WNT16B or NF-κB Sun  
et al. [77]

RTKI Changes in numerous 
cytokines

Ebos  
et al. [51]

VDA Recruitment of CEPs to 
tumors  

Antibodies neutralizing the 
VEGF/VEGFR-2 pathway, 
G-CSF antibodies, metronomic 
chemotherapy

Shaked  
et al. [62, 63], 
Taylor  
et al. [65], 
Daenen  
et al. [88]

Elevations of SDF-1 and 
recruitment of TEMs to tumors

Interfering with the SDF-1/ 
CXCR-4 pathway

Welford  
et al. [66]
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1

dIsCUssIon 

The host response can be seen as an attempt of the body to protect tissues crucial for its 
well-functioning and homeostasis, which is exploited by the tumor. MSCs, for example, 
are recruited to wounds and other sites of injury, where they contribute to tissue repair. 
The massive damage exerted to a tumor by chemotherapy might elicit a similar response 
in the MSCs, thereby aiding tumor repopulation. Similarly, CEP recruitment to tumors may 
be aimed at repairing the damage provoked by VDA or chemotherapy, and acute cell stress 
can trigger the DDSP and senescence-associated secretory phenotype. Therefore, a 
challenge in interfering with the host response is to maintain its important physiological 
role in tissue repair of healthy tissues while preventing repair in malignant tissues. If the 
balance swings too much towards allowing repair, tumors may benefit. However, if too 
much weight is put on preventing repair, the patient might experience numerous side 
effects. 
An important question that needs to be addressed clinically is whether the host responses 
described above occur in all patients, or whether a subset is more at risk. We know that 
some patients respond better to chemotherapy than others, and some patients experience 
more side effects than others. Despite the use of predictive models, it is presently hard 
to select the patients that will benefit most from therapy, nor patients that will suffer most. 
Albeit speculative, there may also be subsets of patients that generate a stronger or 
differential host response. Additionally, a large spectrum of responses including numerous 
(bone marrow-derived) cell types and signaling cascades has been reported, and different 
patients will likely suffer from different responses. The host response to therapy will 
depend on the nature of the microenvironment, which is dynamic and influenced by the 
drug used. Also tumor type, localization, stage and treatment will affect the host response, 

table 1 continued

Therapy Host Response Interfering with
the host response

Ref

Abdominal 
surgery

Changes in numerous 
pro-angiogenic cytokines and 
recruitment of CECs and CEPs

Bono  
et al. [67], 
Langenberg 
et al. [69]

Radiotherapy Endothelial cell migration And 
survival via activation of VEGF/
VEGFR-2 signaling

VEGF-RTKI Sofia Vala  
et al. [70]

TGFβ-mediated tumor
acceleration 

Genetical reduction of TGFβ Nguyen  
et al. [71]

Recruitment of CD11b-
expressing myeloid cells

Antibodies to Mac1 [CD11b/
CD18]

Ahn  
et al. [72]

Recruitment multiple 
protumorigenic cytokines and 
CCR2-expressing 
mesenchymal stem cells

Inhibition of CCR2 Klopp  
et al. [73]
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as well as the characteristics of individual patients and tumors. Despite these challenges, 
we believe that further research should be focused on the combination of conventional 
antitumor therapies with interventions specifically aimed at preventing the host response. 
A better understanding of the host responses to anti-cancer treatment, and the crucial role 
these effects can play in therapy outcome, has the potential to significantly improve cancer 
therapy. 
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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.
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IntrodUCtIon

Not all cancer patients treated with chemotherapy show response to treatment. Moreover, 
a small subset of patients experiences early progression during systemic anticancer 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 protumorigenic 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 antitumor 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. 

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.
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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).
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 
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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). 

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.
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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). 

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.
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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 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. 
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.  
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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). 

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.

2012129 proefschrift Laura van Hussen.indd   34 05-03-13   16:25



Chemotherapy-InduCed metastases

35

2

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 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 
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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.

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.
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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 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 
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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 antitumor 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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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  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% 
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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.

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. 
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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.
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sUPPLementAL FIgUres

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.

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.

2012129 proefschrift Laura van Hussen.indd   42 05-03-13   16:25



Chemotherapy-InduCed metastases

43

2

Figure S3 Adhesion Assays. (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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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.
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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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AbstrACt 

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.
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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 cyclooxygenase-1 or thromboxane synthase.
 

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 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 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 MSCs 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 the 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]. 
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In this study, we addressed whether 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. 

resULts

MSCs 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 syngeneic 
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 
MSC 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 antitumor effect 
of cisplatin in a dose-dependent manner (Figure 1A). Intravenous administration of as few 
as 50,000 MSCs abolished the antitumor 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 
chemoresistance 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 treated mice with daily 
subcutaneous injections of conditioned medium (CM) harvested from cultured MSCs. 
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,  
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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 MSCs 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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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 MSCs 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, harvested 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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we observed complete resistance to cisplatin for both the C26 tumors and LLC tumors, 
whereas CM from untreated MSCs (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 1μM 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 MSCs. 
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.

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 MSCs 
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. 
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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 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 
its 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 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.

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 
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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 of 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.
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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 
PIFAs. (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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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 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 1μM 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. 

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 
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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 MSCs, 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 and 
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. 
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 MSC-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 
antitumor efficacy of cisplatin and oxaliplatin alone in vivo (Figure 5C, D, E, S4B, C). 
Interestingly, neither indomethacin or ozagrel alone had any antitumor 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 antitumor 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 antitumor 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.
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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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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 MSC 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). 
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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.
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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, 
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. 
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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. 
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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 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 antitumor 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 
antitumor 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.
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. 
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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 prevents 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. 
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mAterIALs And metHods

MSC isolation and culture 
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 (MSCs) 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, MNCs were isolated from the bone marrow of healthy volunteers 
and cultured in MEM 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 MSCs passage 5-7 was 
used, for human MSCs passage 3 cells were used. 
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 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 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 MSCs (iv or sc), or MSCs derived from the circulation of 
syngeneic tumor-bearing mouse (sc), 100μl conditioned medium (fractions) (sc) from 
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cultured MSCs or 100μl fatty acids (sc). For the intervention studies, MSCs 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 3: 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. 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.
Furthermore 2 commercially available 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.

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 CMs 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).

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) or irinotecan (150μM) 

2012129 proefschrift Laura van Hussen.indd   67 05-03-13   16:25



chapter 3

68

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 Trypan Blue exclusion, 24 and 
48 hours after start of 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 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 (PBMCs) 
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 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 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.

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 MSCs. Phenotypes were checked by flow cytometry. 

Flow cytometry 
FACS antibodies were obtained from BD Biosciences, except human anti-CD105 (Ancell, 
Bayport, MN). Murine MSCs were determined to be CD5-, CD45R-, CD11b-, Gr-1-, 7/4-. 
Ter-119- and CD45-. and Sca-1+, CD90+, CD106+ and CD44+. Human MSCs were positive 
for CD13, CD29, CD44, CD49e, CD55, CD73, CD90, CD105 and the MHC markers b2-
microglobulin and HLA-ABC. Human MSCs were negative for CD3, CD14, CD19, CD31, 
CD34 and CD235a [32]. Levels of MSCs 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 2x106 cells/25 cm2 in duplicate in the medium as described above under ‘MSC 
isolation and culture’. 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). 
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MSC multi-lineage differentiation 
Mouse and human MSCs were characterized by multi-lineage differentiation into 
osteoblasts, adipocytes and for human MSCs also chondrocytes as extensively described 
in a previous manuscript [32]. In brief, MSCs were plated into differentiation assays using a 
defined commercially available NH differentiation medium for either chondrocytes, 
adipocytes or osteoblasts for the human MSCs (Miltenyi Biotec). For the mouse MSCs 
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 MSCs 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).

Identification of MSCs in the tumor 
MSCs 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
MSCs, 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 1μM 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: MSCs were incubated with 1μM of either oxaliplatin, 
carboplatin, 5-FU, irinotecan, doxorubicin or paclitaxel all for ½ hour, followed by 2 hours 
of SFM incubation. For interventions MSCs 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 PIFAs were added back to the CM from the MSCs pre-treated with 
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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 PIFAs. 

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.

Western Blots
Lysates were made from cultured MSCs 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].

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.
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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.
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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.
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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 FFAs 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. 
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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 (10μM) or the thromboxane 
synthase inhibitor ozagrel (1mM) or with cisplatin plus the CM+ from the MSCs pre-treated with these 
inhibitors with add-back of the pure PIFAs. 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
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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 MSCs and number of CFU-F. 
(C) Multilineage differentiation potential of mouse MSCs: 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 MSCs 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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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.
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t (m in) intens. m /z [M -H ]- D ppm form ula (sub) class

8.15 2.47E +05 243.15872 C 13H 23O 4 -1.504 C 13H 24O 4 dicarboxylic  acids  (F A 0117)
8.79 1.18E +05 227.16394 C 13H 23O 3 -1.017 C 13H 24O 3 oxo fatty acids  (F A 0106)

10.15 1.70E +05 257.17438 C 14H 25O 4 -1.383 C 14H 26O 4 dicarboxylic  acids  (F A 0117)
10.65 1.13E +05 243.19519 C 14H 27O 3 -1.156 C 14H 28O 3 hydroxy fatty acids  (F A 0105)
10.73 1.67E +05 241.17950 C 14H 25O 3 -1.332 C 14H 26O 3 dicarboxylic  acids  (F A 0117)
11.12 7.90E +05 249.14807 C 15H 21O 3 -1.810 C 15H 22O 3 isoprenoids / sesquiterpenes (P R 0103)
12.09 6.99E +04 227.16402 C 13H 23O 3 -0.665 C 13H 24O 3 oxo fatty acids  (F A 0106)
12.18 6.28E +04 257.17438 C 14H 25O 4 -0.356 C 14H 26O 4 dicarboxylic  acids  (F A 0117)
12.32 2.24E +05 257.21082 C 15H 29O 3 -1.171 C 15H 30O 3 hydroxy fatty acids  (F A 0105)
12.47 1.74E +05 255.19525 C 15H 27O 3 -0.867 C 15H 28O 3 oxo fatty acids  (F A 0106)
12.59 4.84E +06 277.17932 C 17H 25O 3 -1.808 C 17H 26O 3 hydroxy fatty acids  (F A 0105), epoxy fatty acids  (F A 0107) or hydroperoxyeicosatrienoic  acids  (F A 0305)
13.23 1.02E +05 227.16420 C 13H 23O 3 0.127 C 13H 24O 3 oxo fatty acids  (F A 0106)
13.38 6.61E +05 277.14310 C 16H 21O 4 -1.211 C 16H 22O 4 C 15 isoprenoids/sesquiterpenes (P R 0103)
13.47 2.22E +05 233.15331 C 15H 21O 2 -1.271 C 15H 22O 2 unsaturated fatty acids  (F A 0103) or C 15 isoprenoids/sesquiterpenes (P R 0103)
13.62 1.89E +04 247.16895 C 16H 23O 2 -1.240 C 16H 24O 2 unsaturated fatty acids  (F A 0103)
14.03 1.78E +05 271.22662 C 16H 31O 3 -0.558 C 16H 32O 3 hydroxy fatty acids  (F A 0105)
14.06 5.94E +04 241.18004 C 14H 25O 3 0.219 C 14H 26O 3 hydroxy fatty acids  (F A 0105) or oxo fatty acids  (F A 0106)
14.17 3.38E +05 269.21094 C 16H 29O 3 -0.673 C 16H 30O 3 hydroxy fatty acids  (F A 0105) or oxo fatty acids  (F A 0106)
14.67 3.78E +05 269.21097 C 16H 29O 3 -0.562 C 16H 30O 3 hydroxy fatty acids  (F A 0105) or oxo fatty acids  (F A 0106)
14.79 2.96E +05 295.22617 C 18H 31O 3 -2.037 C 18H 32O 3 hydroxy fatty acids  (F A 0105), oxo fatty acids  (F A 0106), epoxy fatty acids  (F A 0107) or octadecanoids (F A 02)
14.97 4.24E +05 295.22632 C 18H 31O 3 -1.529 C 18H 32O 3 hydroxy fatty acids  (F A 0105), oxo fatty acids  (F A 0106), epoxy fatty acids  (F A 0107) or octadecanoids (F A 02)
15.17 7.92E +04 241.17955 C 14H 25O 4 -0.271 C 14H 26O 3 hydroxy fatty acids  (F A 0105) or oxo fatty acids  (F A 0106)
15.50 1.84E +05 295.22659 C 18H 31O 3 -0.614 C 18H 32O 3 hydroxy fatty acids  (F A 0105), oxo fatty acids  (F A 0106), epoxy fatty acids  (F A 0107) or octadecanoids (F A 02)
15.59 1.20E +05 271.22681 C 16H 31O 3 0.143 C 16H 32O 3 hydroxy fatty acids  (F A 0105)
15.76 4.42E +05 297.24213 C 18H 33O 3 -0.980 C 18H 34O 3 hydroxy fatty acids  (F A 0105), oxo fatty acids  (F A 0106), epoxy fatty acids  (F A 0107) or octadecanoids (F A 02)
16.26 2.47E +05 269.21120 C 16H 29O 3 -0.001 C 16H 30O 3 hydroxy fatty acids  (F A 0105) or oxo fatty acids  (F A 0106)
16.59 4.25E +05 297.24243 C 18H 33O 3 0.009 C 18H 34O 3 hydroxy fatty acids  (F A 0105), oxo fatty acids  (F A 0106) or epoxy fatty acids  (F A 0107)
16.85 9.83E +05 199.16966 C 12H 23O 2 0.404 C 12H 24O 2 straight chain fatty acids  (F A 0101), m ethyl branched fatty acids  (F A 0102)
17.09 1.98E +05 299.25784 C 18H 35O 3 -0.231 C 18H 36O 3 hydroxy fatty acids  (F A 0105)
17.12 2.31E +05 283.22681 C 17H 31O 3 0.039 C 17H 32O 3 oxo fatty acids  (F A 0106) or m ethoxy fatty acids  (F A 0108)
17.38 3.24E +05 297.24249 C 18H 33O 3 0.069 C 18H 34O 3 hydroxy fatty acids  (F A 0105), oxo fatty acids  (F A 0106) or epoxy fatty acids  (F A 0107)
17.50 5.79E +05 299.20035 C 20H 27O 2 -0.207 C 20H 28O 2 unsaturated fatty acids  (F A 0103), retinoids (P R 0109)
17.59 4.13E +05 297.24234 C 18H 33O 3 -0.081 C 18H 34O 3 hydroxy fatty acids  (F A 0105), oxo fatty acids  (F A 0106) or epoxy fatty acids  (F A 0107)
17.59 2.89E +05 269.21143 C 16H 29O 3 0.309 C 16H 30O 3 hydroxy fatty acids  (F A 0105) or oxo fatty acids  (F A 0106)
17.88 3.98E +05 225.18517 C 14H 25O 2 0.263 C 14H 26O 2 unsaturated fatty acids  (F A 0103), m ethyl branched fatty acids  (F A 0102)
18.17 1.43E +06 297.24237 C 18H 33O 3 -0.051 C 18H 34O 3 hydroxy fatty acids  (F A 0105), oxo fatty acids  (F A 0106) or epoxy fatty acids  (F A 0107)
18.35 2.32E +05 213.18500 C 13H 25O 2 0.453 C 13H 26O 2 straight chain fatty acids  (F A 0101), m ethyl branched fatty acids  (F A 0102)
18.41 3.38E +05 269.21149 C 16H 29O 3 0.369 C 16H 30O 3 hydroxy fatty acids  (F A 0105) or oxo fatty acids  (F A 0106)
18.41 1.69E +06 297.24200 C 18H 33O 3 -0.021 C 18H 34O 3 hydroxy fatty acids  (F A 0105), oxo fatty acids  (F A 0106) or epoxy fatty acids  (F A 0107)
18.50 2.16E +05 301.21631 C 20H 29O 2 0.103 C 20H 30O 2 unsaturated fatty acids  (F A 0103) 
18.53 2.89E +05 371.31519 C 22H 43O 4 -0.396 C 22H 44O 4 hydroxy fatty acids  (F A 0105)
18.56 1.10E +05 251.20087 C 16H 27O 2 0.313 C 16H 28O 2 unsaturated fatty acids  (F A 0103)
18.61 7.56E +04 239.20082 C 15H 27O 2 0.263 C 15H 28O 2 m ethyl branched fatty acids  (F A 0102) or unsaturated fatty acids  (F A 0103)
18.61 7.00E +04 339.28903 C 21H 39O 3 -0.342 C 21H 40O 3 oxo fatty acids  (F A 0106)
18.67 4.69E +05 297.24252 C 18H 33O 3 0.099 C 18H 34O 3 hydroxy fatty acids  (F A 0105), oxo fatty acids  (F A 0106), epoxy fatty acids  (F A 0107)
18.82 2.01E +05 239.20088 C 15H 27O 2 0.323 C 15H 28O 2 unsaturated fatty acids  (F A 0103) or m ethyl branched fatty acids  (F A 0102)
18.88 1.87E +05 301.21625 C 20H 29O 2 0.043 C 20H 30O 2 unsaturated fatty acids  (F A 0103) 
19.06 3.55E +05 241.21652 C 15H 29O 2 0.313 C 15H 30O 2 unsaturated fatty acids  (F A 0103) 
19.06 5.46E +05 239.20079 C 15H 27O 2 0.233 C 15H 28O 2 m ethyl branched fatty acids  (F A 0102) or unsaturated fatty acids  (F A 0103)
19.14 4.48E +05 277.21652 C 18H 29O 2 0.313 C 18H 30O 2 m ethyl branched fatty acids  (F A 0102) or unsaturated fatty acids  (F A 0103) or C 18 steroids (S T 0201)
19.20 1.87E +05 227.20079 C 14H 27O 2 0.233 C 14H 28O 2 straight chain fatty acids  (F A 0101), m ethyl branched fatty acids  (F A 0102)
19.29 6.76E +05 301.21600 C 20H 29O 2 -0.207 C 20H 30O 2 unsaturated fatty acids  (F A 0103) 
19.38 1.10E +06 277.21643 C 18H 29O 2 0.223 C 18H 30O 2 m ethyl branched fatty acids  (F A 0102) or unsaturated fatty acids  (F A 0103) or ergosterols  (S T 0103)
19.44 4.20E +06 227.20064 C 14H 27O 2 0.083 C 14H 28O 2 straight chain fatty acids  (F A 0101), m ethyl branched fatty acids  (F A 0102), fatty a lcohols  (F A 05)
19.76 1.01E +06 253.21623 C 16H 29O 2 0.023 C 16H 30O 2 m ethyl branched fatty acids  (F A 0102) or unsaturated fatty acids  (F A 0103) or fatty a lcohols  (F A 05)
19.82 1.27E +05 325.27350 C 20H 37O 3 -0.222 C 20H 38O 3 hydroxy fatty acids  (F A 0105), oxo fatty acids  (F A 0106), isoprenoids (P R 0104)
19.82 1.27E +05 255.23195 C 16H 31O 2 0.093 C 16H 32O 2 straight chain fatty acids  (F A 0101), m ethyl branched fatty acids  (F A 0102), fatty a lcohols  (F A 05)
19.91 2.79E +06 253.21638 C 16H 29O 2 0.173 C 16H 30O 2 m ethyl branched fatty acids  (F A 0102) or unsaturated fatty acids  (F A 0103), fatty a lcohols  (F A 05)
20.00 6.36E +05 241.21631 C 15H 29O 2 0.103 C 15H 30O 2 straight chain fatty acids  (F A 0101), m ethyl branched fatty acids  (F A 0102), fatty a lcohols  (F A 05)
20.11 5.95E +06 279.23199 C 18H 31O 2 0.133 C 18H 32O 2 m ethyl branched fatty acids  (F A 0102) or unsaturated fatty acids  (F A 0103) or ergosterols  (S T 0103)
20.26 5.49E +04 339.28909 C 21H 39O 3 -0.830 C 21H 40O 3 oxo fatty acids  (F A 0106)
20.26 1.17E +06 241.21620 C 15H 29O 2 -0.007 C 15H 30O 2 straight chain fatty acids  (F A 0101), m ethyl branched fatty acids  (F A 0102), fatty a lcohols  (F A 05)
20.47 3.11E +05 267.23206 C 17H 31O 2 0.203 C 17H 32O 2 straight chain fatty acids  (F A 0101), m ethyl branched fatty acids  (F A 0102), fatty a lcohols  (F A 05)
20.56 2.40E +05 305.24747 C 20H 33O 2 -0.037 C 20H 34O 2 m ethyl branched fatty acids  (F A 0102) or unsaturated fatty acids  (F A 0103) or fatty a lcohols  (F A 05)
20.76 1.96E +05 335.30500 C 22H 41O 3 -0.332 C 22H 42O 3 oxo fatty acids  (F A 0106)
20.85 8.59E +06 255.23206 C 16H 31O 2 0.139 C 16H 32O 2 straight chain fatty acids  (F A 0101), m ethyl branched fatty acids  (F A 0102), fatty a lcohols  (F A 05)
20.97 4.87E +06 281.24800 C 18H 33O 2 0.203 C 18H 34O 2 m ethyl branched fatty acids  (F A 0102) or unsaturated fatty acids  (F A 0103) or fatty a lcohols  (F A 05)
21.20 4.93E +05 269.24774 C 17H 33O 2 0.233 C 17H 34O 2 straight chain fatty acids  (F A 0101), m ethyl branched fatty acids  (F A 0102), fatty a lcohols  (F A 05)
21.97 3.68E +06 283.26306 C 18H 35O 2 -0 .097 C 18H 36O 2 stra igh t cha in  fa tty ac ids  (FA 0101), m ethyl b ranched fa tty ac ids  (FA 0102), fa tty a lcoho ls  (FA 05)

Table S1  related to Figure 4. 

UPLC-Orbitrap Mass Spectrometry identification of free fatty acids (FFAs) 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).
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fraction 3

t (min) intens. m/z [M-H]- D ppm formula (sub) class

18.06 2.90E+05 277.18103 C17H25O3 4.361 C17H26O3 Oxo fatty acids [FA0106]

fraction 5

18.03 2.91E+05 277.18103 C17H25O3 4.361 C17H26O3 Oxo fatty acids [FA0106]
19.71 1.20E+05 233.15465 C15H21O2 4.476 C15H22O2 Unsaturated fatty acids [FA0103]
19.80 7.22E+04 247.17029 C16H23O2 4.181 C16H24O2 Unsaturated fatty acids [FA0103]

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. 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) 

Sample Compound Formula Conc (nM)

(8,11,14)-eicosatriynoic acid C20H30O2 100

(11,14,17)-eicosatriynoic acid C20H30O2 100

(5,8,11)-eicosatrienoic acid C20H34O2 100

(5,8,14)-eicosatrienoic acid C20H34O2 100

(11,14,17)-eicosatrienoic acid C20H34O2 100

20

20

25

1: ETI

2: ETA

3: HHT

4: oxo-ODE

5: 16:4 hexadeca-4,7,10,13-tetraenoic acid

12-hydroxy-5,8,10-heptadecatrienoic acid

13-oxo-9,11-octadecadienoic acid

C17H28O3

C16H24O2

C18H30O3

Table S3  related to Figure 4.

Overview of the tested free fatty acid (FFAs) compounds in the tumor mouse models.
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AbstrACt 

We recently identified two fatty acids (PIFAs) that, at minute concentrations, induced 
resistance to chemotherapy. Here we determined how PIFAs 16:4(n-3) and KHT protect 
tumors. Co-treatment of tumor-bearing mice with cisplatin or irinotecan and PIFAs reduced 
the antitumor activity of the chemotherapeutic agents, lowering tumor DNA damage levels. 
In contrast, PIFA-mediated resistance to non-DNA damaging agents paclitaxel and sorafenib 
was not observed. Following administration of cisplatin with or without PIFAs, platinum 
concentrations in tumor cells were equal, resulting in similar levels of damage at early time 
points. However, PIFA administration rapidly decreased the initial DNA damage, suggestive 
of altered DNA repair. The relevance of DNA repair was confirmed in a BRCA1-/-;p53-/- tumor 
model with non-functional homologous recombination in which PIFAs were not active. 
Partial restoration of homologous recombination was sufficient to reinstate PIFA-mediated 
chemoresistance. Our findings indicate that PIFAs induce resistance to DNA damaging 
chemotherapeutics by targeting early DNA damage repair, thus uncovering a link between 
systemic fatty acid signaling and cellular protection against genotoxic stress.
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IntrodUCtIon

Despite the introduction of targeted therapies, most patients with disseminated tumors are 
still primarily treated with chemotherapy. Unfortunately, the response to therapy is often 
hampered by the development of resistance. During recent years, it has become clear that 
next to tumor cell intrinsic resistance, signaling events from the tumor microenvironment 
play a major role in drug resistance [1]. In growing tumors, mesenchymal stem cells (MSCs) 
are recruited from the bone marrow to become part of the tumor microenvironment [2, 3], 
where these cells can have several growth-stimulatory functions. Among others, MSCs 
stimulate angiogenesis, enhance tumor growth and promote metastasis [4]. Recently, we 
found that MSCs become activated by platinum chemotherapy to release specific fatty 
acids, 12-oxo-5,8,10-heptadecatrienoic acid (KHT) and hexadeca-4,7,10,13-tetraeonic acid 
(16:4(n-3)). These so-called platinum-induced fatty acids (PIFAs) interfere with the activity 
of a broad range of chemotherapeutic agents including cisplatin [5]. At picomolar 
concentrations, PIFAs were able to provide systemic protection to tumors, resulting in 
tumor growth despite administration of cytotoxic agents in mouse models. This 
corresponded to a decreased number of apoptotic cells 72 hours after therapy. The tumor 
protection by the PIFAs was shown to be reversible and there was a clear temporal 
relationship between exposure to PIFAs and chemoresistance: PIFAs had to be administered 
no later than 3 hours after chemotherapy to confer resistance [5].
Currently, platinum analogues are an essential part of the treatment of ovarian, colorectal, 
esophageal, lung and head and neck cancer, either as monotherapy or in combination with 
other anti-cancer agents. The binding of cisplatin to DNA and subsequent DNA damage 
are generally accepted as key events for its antitumor activity. Upon binding, intrastrand 
crosslinks and, to a lower degree, interstrand crosslinks are formed [6]. Subsequently, these 
cisplatin-DNA adducts inhibit DNA replication mechanisms and transcription, eventually 
leading to cell death. However, multiple mechanisms of resistance to cisplatin have been 
reported [7]. These include reduced drug accumulation, either by decreased uptake or 
increased transport out of the cell by multi-drug resistance protein and related transporters, 
and sequestration of cisplatin by glutathione and metallothioneins. Other mechanisms of 
resistance may occur after formation of cisplatin-DNA adducts, including the activation of 
DNA repair pathways, tolerance to the adducts and defective downstream apoptotic 
pathways [8].
The mechanism of action through which PIFAs prevent chemotherapy-induced tumor cell 
death is presently unclear. Here, we show that PIFAs specifically protect tumor cells against 
DNA damaging chemotherapeutic agents by inducing early DNA damage repair. These 
findings provide a novel link between fatty acid signaling and protection of the integrity of 
cellular DNA. 

resULts

PIFAs interfere with early effects of cisplatin on proliferation and DNA damage
To determine the effects of PIFAs on cisplatin-treated tumors, we harvested subcutaneous 
C26 tumors derived from BALB/c mice 4 hours after therapy. Stainings for both BrdU and 
pHH3, a marker for mitotic entry, showed that cisplatin decreased tumor cell proliferation, 
which was prevented by concurrent treatment with PIFAs (Figure 1A,B). We next 
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questioned whether this decreased proliferation in cisplatin-treated tumor cells was 
accompanied by cell cycle arrest. Flow cytometric analyses of single cell suspensions of 
mouse tumors after cisplatin therapy showed an accumulation of cells in G1/S state and 
in subG1. The increase in cells in subG1 after cisplatin probably represents dead cells 
originating from G2/M, which only contained 25.7 ± 2.8% of cells, as compared to 38.3 ± 
6.0% in tumors treated with cisplatin and PIFAs (p<0.01). To determine whether PIFAs 
prevent cell cycle arrest by interfering with cisplatin-induced DNA damage, we next 
performed immunohistochemical analyses of γH2AX, the phosphorylated form of H2AX 
which marks DNA damage. Whereas cisplatin therapy gave a strong increase in the number 
of γH2AX-positive cells four hours after treatment, the simultaneous addition of PIFAs 
largely reversed the cisplatin-induced DNA damage (Figure 1D). Similarly, PIFAs significantly 
decreased the number of γH2AX-expressing cells in a second model using LLC tumors 
implanted in C57Bl/6 mice (Figure 1E). We know that PIFA-mediated chemoresistance is 
temporary, and that tumor cells regain sensitivity when a second cycle of chemotherapy 
is administered in the absence of PIFAs [5]. When analyzing tumors that had been treated 
with cisplatin and PIFAs followed by a second cycle of only cisplatin, indeed a strong 
increase in γH2AX was found after the second round of therapy (Figure 1F). Thus, PIFAs 
interfere with acute DNA damage signaling following cisplatin exposure in a reversible 
manner.

PIFAs protect specifically against the effects of DNA damaging agents
We have previously established that PIFAs not only neutralize cisplatin activity, but also 
decrease the effects of other chemotherapeutic agents such as irinotecan [5] (Figure 2A). 
To determine whether the effects of PIFAs are restricted to DNA damaging agents, we 
first treated tumor-bearing mice with the topoisomerase inhibitor irinotecan with or without 
PIFAs and harvested tumors 4 hours after therapy. As expected, irinotecan increased the 
percentage of γH2AX-positive cells in the tumor. Co-treatment with PIFAs reversed this 
(Figure 2B). We next determined whether PIFAs could rescue the effects of non-DNA 
damaging spindle poison paclitaxel or tyrosine kinase inhibitor sorafenib. A clear antitumor 
effect was observed after administration of a single gift of paclitaxel, which could not be 
reversed by addition of PIFAs (Figure 2C). 

Figure 1 PIFAs interfere with early effects of cisplatin on proliferation and DNA damage. C26 tumor-
bearing BALB/c mice were treated with PIFAs, cisplatin or both and tumors were harvested 4 hours 
later. Control mice were received drug vehicles. FFPE tumor sections were stained for (A) BrdU and 
(B) phospho-histone H3, and positive cells were quantified and plotted. Representative areas are 
depicted below the graphs. (C) Tumors were harvested, single cells suspensions were prepared and 
stained with propidium iodide for flow cytometric analysis of cell cycle profiles. (D) C26 tumor-bearing 
BALB/c mice were treated with PIFAs, cisplatin or both and tumors were harvested 4 hours later. FFPE 
tumor sections were stained for γH2AX. (E) A similar experiment was performed in LLC tumor-bearing 
C57Bl/6 mice. FFPE tumor sections were stained for γH2AX. (F) C26 tumor-bearing BALB/c mice were 
treated with PIFAs, cisplatin or both. One week later, mice were re-treated and part of the mice that 
initially received cisplatin + PIFAs were now administered cisplatin monotherapy. Four hours after the 
second round of therapy, tumors were harvested, FFPE tumor sections were stained for γH2AX, and 
positive cells were quantified and plotted. * p<0.05, ** p<0.01, *** p<0.001, all compared to vehicle 
unless indicated otherwise. Cis, cisplatin
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As expected, when we harvested tumors 4 hours after therapy and stained tumor sections 
for γH2AX, we did not find induction of DNA damage by paclitaxel in these tumors (Figure 
2D). PIFAs did not induce resistance to sorafenib either (Figure 2E), correlating with 
unchanged γH2AX levels in the sorafenib-treated tumors (Figure 2F). 

PIFAs induce DNA damage repair at early time points after therapy
A potential explanation for the PIFA-mediated decrease in γH2AX signaling is that PIFAs 
prevent cisplatin from entering the nucleus. Previously, we have shown that PIFAs did not 
interfere with the pharmacokinetics (PK) of cisplatin and irinotecan both systemically and 
in tumor lysates [5]. Here, we expanded these studies by measuring cytosolic, nuclear and 
DNA-bound platinum by ICP-MS. Thirty minutes after therapy, when platinum concentrations 
in the tumor following intraperitoneal cisplatin were maximal in previous experiments, no 
differences were observed between cisplatin alone or cisplatin combined with PIFAs, 
indicating that cisplatin could still enter the nucleus and bind to DNA in the presence of 
PIFAs (Figure 3A). To determine whether the low γH2AX levels 4 hours after chemotherapy 
and PIFAs were either due to the inability of cisplatin to cause damage, or to enhanced 
repair, a γH2AX time course was performed (Figure 3B). Again, PIFA monotherapy did not 
change the background level of damage present in the tumor. In cisplatin-treated tumors, 
a gradual rise in the amount of damage was seen after 30 minutes, 1 and 2 hours, reaching 
its maximum after 4 hours. Addition of PIFAs to cisplatin did not change the induction of 
damage at early time points. Thirty minutes after therapy, γH2AX levels were equal in both 
treatment groups, corresponding to the results obtained in the ICP-MS platinum 
measurements. However, the maximum level of damage after cisplatin and PIFAs was 
found to be lower than in the cisplatin-treated tumors, and occurring earlier at 2 hours after 
therapy (Figure 3B). 

Figure 2 PIFAs protect specifically against the effects of DNA damaging agents. (A) C26 tumor-bearing 
BALB/c mice were treated with PIFAs, irinotecan or both. Control mice were received drug vehicles. 
Tumor growth was monitored and plotted. (B) In a separate experiment, C26-bearing BALB/c mice were 
treated with PIFAs, irinotecan, both, or vehicle, and tumors were harvested 4 hours later. Control mice 
were received drug vehicles. FFPE tumor sections were stained for γH2AX, and positive cells were 
quantified and plotted. Representative areas are depicted in the lower panel. (C) LLC tumor-bearing 
C57Bl/6 mice were treated with PIFAs, paclitaxel or both. Control mice were received drug vehicles. 
Tumor growth was monitored and plotted. (D) In a separate experiment, LLC tumor-bearing C57Bl/6 
mice were treated with PIFAs, paclitaxel, both, or vehicle, and tumors were harvested 4 hours later. 
FFPE sections were stained with antibodies against γH2AX. (E) C26-bearing BALB/c mice were treated 
with sorafenib daily by oral gavage starting at day 8. PIFAs were administered s.c. daily, immediately 
after sorafenib administration. (D) In a separate experiment, C26-bearing BALB/c mice were treated 
with PIFAs, sorafenib, both, or vehicle, and tumors were harvested 4 hours later. FFPE sections were 
stained with antibodies against γH2AX. * p<0.05, ** p<0.01. Irino, irinotecan; pacli, paclitaxel; sor, 
sorafenib.
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We know from previous experiments that PIFAs are still able to induce chemoresistance 
when administered up to 3 hours after cisplatin [5]. Now we show that at that time point, a 
large degree of DNA damage is already present (Figure 3B), suggesting the ability of PIFAs 
to induce enhanced repair of the established DNA-damage resulting in chemoresistance. 
To show that the observed chemoresistance is indeed accompanied by a decrease in 
γH2AX-positive cells, cisplatin was administered to tumor-bearing mice followed 3 hours 
later by the PIFAs, and another 4 hours later γH2AX levels were analyzed. PIFA administration 
was found to significantly reduce the number of γH2AX-positive cells (Figure 3C). 
Together, this substantiated the hypothesis that PIFAs induce DNA repair in these tumors. 
Since γH2AX marks double strand breaks (DSBs), and cisplatin-induced DSBs are 
predominantly repaired by homologous recombination (HR), we performed experiments 
in a validated genetically engineered mouse model lacking DNA repair by HR due to loss 
of BRCA1 (9). The BRCA1-/-p53-/- tumors from K14cre;Brca1F/F;p53F/F mice, which are highly 
sensitive to cisplatin, were implanted into wild type FVB/N mice. The combination of 
cisplatin and PIFAs did not induce resistance in this model and tumor endpoints were 
reached after 29 days in the presence or absence of PIFAs (Figure 3D). Concurrent loss of 
53BP1, which partially restores HR, was sufficient to restore PIFA-induced chemoresistance. 
Tumor endpoints were reached on average 17 days after therapy in the mice receiving the 
combination treatment as opposed to 22 days in the cisplatin-treated tumors (p<0.001; 
Figure 3E). This indicates that PIFAs can only induce tumor resistance to cisplatin when 
HR is at least partially functional.

dIsCUssIon

Here we show that the PIFAs, two specific endogenous fatty acids, interfere with the early 
effects of DNA damaging chemotherapeutic agents. PIFAs did not interfere with exposure 
to the chemotherapeutic agent cisplatin, since DNA adducts were still formed and initial 
DNA damage was evoked. However, in the presence of PIFAs a rapid decline in γH2AX 
levels was found, alleviating cell cycle arrest and restoring tumor cell proliferation to 
baseline levels. PIFAs were shown to downregulate DNA damage and cause 
chemoresistance even when administered after cisplatin-induced DNA damage had already 
been established. Even though we cannot exclude the possibility that the decreased γH2AX 
levels were due to alterations in signaling rather than a lowered number of actual DNA 
breaks, we do show that DNA damage repair in the form of active HR was required for 
PIFA-mediated chemoresistance in genetically modified tumor models. Collectively, these 
data indicate that PIFAs induce resistance to DNA damaging chemotherapeutics by early 
DNA damage repair.

Although cellular responses are intensively studied, little is known about systemic signaling 
to protect genomic integrity. Since PIFAs are rapidly released from MSCs in response to 
exposure to platinum analogues, and PIFAs induce a very rapid reduction of DNA damage, 
this could represent a physiological stress response of the body to protect itself from 
damage induced by genotoxic agents. This concept is supported by dietary interventions 
with PUFA-rich plant oil and vegetables that lowered DNA DSBs in patients with type 2 
diabetes, and by fish oil intake which lowered DNA damage in untreated rat tumors and 
livers [10-12]. Interestingly, the latter findings are in line with our previous observations that 
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PIFA-containing fish oils can interfere with chemotherapy-induced cell death [5]. However, 
it is important to realize that fatty acids consist of a wide variety of molecules, each with 
very specific biological functions.

Figure 3. 
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Figure 3 PIFAs induce early repair of DNA damage. (A) C26 tumor-bearing BALB/c mice were treated with 
cisplatin +/- PIFAs. 30 minutes after therapy, tumors were snap frozen. Either DNA was isolated, or 
nuclear/cytosolic extractions were performed, followed by analysis of platinum concentration by ICP-
MS. (B) C26 tumor-bearing BALB/c mice were treated with PIFAs, cisplatin or both. At various timepoints 
after therapy, tumors were harvested, FFPE sections were stained for γH2AX, and positive cells were 
quantified and plotted. (C) C26 tumor-bearing BALB/c mice were treated with cisplatin, followed 3 
hours later by PIFA administration. Four hours after PIFA administration, tumors were harvested, FFPE 
sections were stained for γH2AX, and positive cells were quantified and plotted. (D) BRCA1-/-;p53-/- 
and (E) Brca1-/-;p53-/-;53BP1-/- mammary tumors were orthotopically transplanted into wild-type FVB/N. 
Therapy with vehicle, PIFAs, cisplatin or cisplatin and PIFAs was started when tumors reached 100-
150mm3 and tumor growth was monitored until tumor endpoints were reached. The time to reaching 
tumor size 1000mm3 was plotted. * p<0.05, ** p<0.01, *** p<0.001, all compared to vehicle unless 
indicated otherwise. Cis, cisplatin.
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At the cellular level there are a number of mechanisms to counteract threats to the genomic 
integrity, which are collectively known as the DNA damage response (DDR). The DDR 
consists of tightly coordinated processes that detect DNA damage, recruit DNA repair 
factors at the site of damage and subsequently induce the physical repair of the lesion [13]. 
Following cisplatin-induced adduct formation, nucleotide excision repair (NER) can remove 
the bulky adducts from the DNA. After double strand breaks have been established, HR is 
required for repair [14]. Using a genetically engineered mouse model, we showed that HR 
plays an important role in PIFA-mediated cisplatin resistance, which is in line with the 
enhanced number of cells found in G2 phase of the cell cycle when cisplatin was combined 
with PIFA therapy. HR is restricted to late S and G2, when DNA replication has taken place, 
since an undamaged template strand is required to repair the damage [15]. However, PIFAs 
can also confer resistance to irinotecan, which - once it is converted to its active metabolite 
SN-38 - binds to the complex of topoisomerase I and DNA, inhibiting reannealing of DNA 
[16]. Whether PIFAs also protect cells against irinotecan-induced damage via HR remains to 
be determined. Furthermore, it would be very interesting to study the role of HR in the 
BALB/c mice with C26 tumors. However, BRCA1 knockdowns are difficult to achieve, and 
if knockdown succeeds, cells experience a strong proliferation defect and selectivity against 
the knockdown [17]. Other means of measuring HR levels, such as Rad51 stainings, can 
currently not be performed directly on mouse tumor tissues without an in vitro step in 
between. Since the intricate PIFA-mediated signaling network cannot be mimicked in vitro 
[5], we are limited in the assays that can be performed. Given the complexity of DNA damage 
repair we cannot exclude contributions by other repair mechanisms than HR.
The inability to perform in vitro studies can be explained by our finding that PIFAs do not 
function on tumor cells directly, but via a currently unknown secondary factor [5]. The 
involvement of HR in PIFA-mediated resistance could provide novel clues about the identity 
of this intermediate molecule. For instance, an estrogen receptor antagonist was shown 
to induce acute resistance to cisplatin in medulloblastoma cell lines by recruiting Rad51 to 
sites of damage and increasing HR activity [18]. Stimulation of Rad51 was also found by a 
chemical compound in a library screening, and by peptide fragments of BRCA2 [19-21]. The 
secondary factor in our system might share properties with either of these agents. 
Furthermore, our results might lead to new opportunities to interfere with PIFA-mediated 
chemoresistance. In addition to previously demonstrated strategies to intervene with PIFA 
production via the inhibition of COX-1 or thromboxane synthase, we can now explore the 
possibility of interfering more downstream at the level of the tumor cell itself. In this light, 
a number of experimental therapies targeting the DDR have been designed and tested 
preclinically [22]. Examples include targeting of the kinases ATM and ATR, and the use of 
imatinib, which can downregulate Rad51 protein levels [23]. Taken together, our findings 
have uncovered an intricate systemic signaling network, mediated by fatty acids, which 
targets cellular DNA repair functions. Understanding the molecular mechanisms by which 
PIFAs influence the DDR will provide opportunities to improve treatment outcome for 
cancer patients.
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mAterIALs And metHods

Tumor and mouse models 
The mouse experiments were conducted as reported previously [5]. All animal procedures 
are in agreement with current Dutch Law on Animal Experiments and were approved by 
the UMC Utrecht Animal Care Ethics Committee. C26 colon carcinoma cells and Lewis 
Lung Cancer (LLC) cells were kept under standard laboratory conditions in Dulbecco’s 
Modified Eagle’s Medium (DMEM, Lonza, Switzerland) containing 5% Fetal Calf Serum 
(FCS), 1% Penicillin-Streptomycin and 1% Ultraglutamine. 1x106 C26 cells were implanted 
s.c. into BALB/c mice, or 0.5 x 106 LLC cells were implanted s.c. into C57Bl/6 mice. Tumor 
size was determined by caliper measurement followed by volume calculation (0.5xLxW2). 
Therapy was started when tumors reached 50-100 mm3. Chemotherapy was administered 
i.p. at maximum tolerated dose level (cisplatin 6 mg/kg, irinotecan 100 mg/kg, paclitaxel 
35 mg/kg). 100 μl of a 20 nM concentration of KHT precursor 12-HHT (Agins ref 1987, 
Cayman Chemicals, Talinn, Estonia) or 100 μl of a 25 nM concentration of 16:4(n-3) was 
injected s.c. concurrently or 3 hours after therapy. Sorafenib (30 mg/kg) was diluted in 
ethanol and administered daily by oral gavage, with or without daily PIFA administration. 
Control mice received appropriate vehicles. For immunohistochemistry experiments, 
tumors were harvested 0.5, 1, 2, 4 and 12 hours after therapy. 

BRCA1-/-;p53-/- mammary tumors 
Experiments with BRCA1-/-;p53-/- mammary tumors were performed at the Netherlands 
Cancer Institute and all experimental procedures on animals were approved by the Animal 
Ethics Committee of Netherlands Cancer Institute. BRCA1-/-;p53-/- mammary tumors were 
generated in K14cre;Brca1F/F;p53F/F;Abcb1a/b-/- (KB1PM) female mice [24]. In this study we 
used KB1PM8 (53BP1 wild-type) and KB1PM8-ol-res (53BP1 deficient). The latter lost 
53BP1 due to a heterozygous truncating mutation and silencing of the other allele [24]. 
Expression of 53BP1 in KB1PM8 and its loss in KB1PM8-ol-res was reconfirmed by IHC 
in the outgrowing control tumors (data not shown). Orthotopic transplantations into wild-
type FVB/N mice were performed as described [9]. BRCA1-/-;p53-/-;53BP1-/-;Abcb1a/b-/- tumors 
were previously described [24]. Therapy was started when tumors reached 100-150 mm3 
and tumor growth was monitored as described above. Endpoints were determined as a 
tumor volume of >1000 mm3.

Immunohistochemistry and immunofluorescence
Formaldehyde-fixed paraffin-embedded tumor sections were deparaffinated and 
rehydrated in a series of xylene and alcohol, incubated in a buffer containing 5% H2O2 
to block endogenous peroxidase, and antigen retrieval was performed by cooking slides 
in a citrate buffer. Tissues were blocked with goat serum (Life Technologies Europe BV) 
and incubated with primary antibodies: 1:200 anti-γH2AX (Cell Signaling Inc., #2577, USA) 
or 1:200 anti-BrdU (Abcam, #ab6326, Cambridge, UK) o/n at 4°C. Powervision-HRP Goat-
anti-Rabbit (1:2000; Novocastra/Leica Microsystems, Germany) was used as secondary 
antibody, followed by DAB/H2O2 and counterstaining with hematoxylene. For 
immunofluorescent stainings, anti-pH3 (#06-570, Upstate/Millipore Corporation, USA) 
was used 1:250 o/n at 4°C, followed by the secondary antibody 1:500 Goat-anti-Rabbit 
Alexa-568 (#A11036, Life Technologies), and DAPI staining (#33342, Hoechst/Life 
Technologies). Positive cells were scored by a blinded observer. At least eight fields per 
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tumor were randomly selected at a magnification of 20x and at least 4 tumors were used 
per group. Using a 36-point grid overlay, the percentage positive cells were determined 
for each field. 

Flow cytometry
Single cell suspensions were prepared from snap frozen mouse tumor tissues by digestion 
with an enzyme cocktail made up of collagenase 3 (4 mg/ml; Worthington Biochemical 
Corporation, Lakewood, NJ), hyaluronidase (2 mg/ml; Sigma-Aldrich, England), and 
collagenase IV (2 mg/ml; Sigma-Aldrich). Single cells were fixed with 10ml ice-cold ethanol 
and left on ice for 30 min before further storage at -20°C (minimal o/N before proceeding 
with protocol). The fixed cells were were washed 3 times with PBS-T, followed by 
incubation with 0,02 mg/ml propium iodide and 1:100 RNAse A (Sigma-Aldrich) in PBS-T 
for 30 min at 37°C. Evaluation of positive cells was conducted using a FACS Calibur II (BD 
Biosciences).

Measuring platinum concentrations
Mice were treated with cisplatin (6 mg/kg) with or without co-administration of PIFAs. 
Thirthy minutes after therapy, tumors were harvested, weighed and snap frozen. Either 
DNA was isolated, or nuclear/cytosolic extractions were performed, followed by measuring 
platinum concentration as previously described [25]. In brief, for DNA isolation tumors were 
homogenized using Douncer homogenizers in Tris-HCl buffer, followed by addition of 
NH4HCO3, SDS and Proteinase K, overnight digestion at 42˚C and protein precipitation by 
adding saturated 6 M NaCl, vigorous shaking and spinning. The DNA was precipitated 
from the supernatant by addition of pure EtOH, washed twice in 75% EtOH, airdried and 
dissolved in dH2O. For nuclear and cytoplasmic extraction, snap frozen tumor tissues 
were homogenized in hypotonic lysis buffer with addition of NP-40 and protease/
phosphatase inhibitors, which will lyse the cytoplasmic fraction. Subsequently, the nuclei 
were lysed with ice-cold nuclear extraction buffer (NEB) with protease/phosphatase 
inhibitors. Protein content was measured using a spectophotometer and control western 
blots were performed. DNA, nuclear and cytoplasmic fractions were hydrolyzed and 
analyzed by ICP-MS.
 
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.
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AbstrACt 

Purpose 
We recently identified specific endogenous fatty acids (PIFAs) that, in picomolar quantities, 
induced resistance to chemotherapy in mouse models. Fish oil was shown to contain high 
levels of PIFA 16:4(n-3), and when administered to mice neutralized chemotherapy activity. 
Because cancer patients frequently use fish oil supplements we determined the exposure 
to 16:4(n-3) after intake of fish or fish oil.

Methods 
In healthy volunteers, 16:4(n-3) levels were determined after either intake of three different 
brands of fish oil at two dose levels or meals of four different fish species. These studies 
were supported by preclinical tumor models and pharmacokinetics. 

Results 
All fish oils tested contained relevant amounts of 16:4(n-3) ranging between 0.2 and 5.7 
μM. Subsequent mouse experiments showed that as little as 1 μl of fish oil was sufficient 
to induce chemoresistance in mice. When the recommended daily amount of 10 ml of fish 
oil was administered to healthy volunteers, rapid rises in plasma 16:4(n-3) levels were 
observed, reaching up to 20 times the baseline levels. Finally, herring and mackerel contained 
high levels of 16:4(n-3), as opposed to salmon and tuna. Consumption of high 16:4(n-3)-
containing fishes by volunteers also resulted in elevated plasma levels of 16:4(n-3).

Conclusion
All tested fish oils and certain fish species contain relevant levels of fatty acid 16:4(n-3). 
After ingestion of these fish oils or fish 16:4(n-3) is rapidly taken up in plasma of human 
volunteers. Until further data become available fish oil and high 16:4(n-3)-containing fish 
species are best avoided on the days surrounding chemotherapy.
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IntrodUCtIon

With the intention to influence and improve their health status, cancer patients often adopt 
lifestyle changes [1]. Burstein et al. documented a three-fold increase in food supplement 
use after people were diagnosed with cancer [2]. However, there is a growing concern that 
simultaneous use of supplements and anti-cancer drugs may negatively influence treatment 
outcome. 
Omega-3 fatty acids are popular supplements estimated to be used by 20% of US cancer 
patients, most often in the form of fish oil [3]. Fish oil is a highly complex, non-standardized 
mixture of fatty acids produced from various fish species. In general, product information 
is limited to total omega-3 content and the concentrations of the most abundant fatty acids, 
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Although the Food and Drug 
Administration (FDA) has advised not to use more than 3 grams of EPA and DHA per day, 
2 grams of which from a dietary supplement [4], omega-3 supplement production does not 
require FDA review or approval. As such, fish oil content may vary between supplements 
and sometimes even from batch to batch. It remains unclear which other biologically active 
molecules are present in the mixtures.
We recently identified two fatty acids, 12-oxo-5,8,10-heptadecatrienoic acid (KHT) and 
hexadeca-4,7,10,13-tetraenoic acid (16:4(n-3)) that, in minute quantities, induced resistance 
to chemotherapy in mice [5]. Human and murine mesenchymal stem cells secrete these 
fatty acids upon platinum stimulation, hence the name ‘platinum-induced fatty acids’ 
(PIFAs). Interestingly, relevant levels of PIFA 16:4(n-3) were detected in fish oil, and the 
antitumor activity of chemotherapy was neutralized by fish oil in various mouse models [5]. 
These unexpected findings stirred up a lively discussion about the benefits and risks of 
fish oil supplementation in patients with active cancer treatment [6]. 
To address these concerns we analyzed 16:4(n-3) content in a panel of fish oils, and found 
relevant levels in all tested fish oils. To assess the consequences of our preclinical findings 
for cancer patients taking fish oil, a healthy volunteer study was designed. Different doses 
of fish oil were administered to volunteers followed by repetitive measurements of 16:4(n-
3) in plasma. Finally, we explored 16:4(n-3) levels in fish species and determined the effects 
of fish consumption on 16:4(n-3) pharmacokinetics, and supported our findings with 
preclinical studies.

resULts

Various fish oils contain 16:4(n-3) and neutralize cisplatin activity in mice 
To determine how prevalent 16:4(n-3) is in fish oil products, six commercially available 
fish oils were randomly selected, and three independent batches were analyzed for 
16:4(n-3) content. All fish oils contained substantial levels of 16:4(n-3) with averages 
ranging from 0.2 to 5.7 μM (Table 1).
Next, purified 16:4(n-3) was tested in mice with subcutaneous C26 tumors. When 6 mg/
kg cisplatin was administered intraperitoneally, tumor growth was suppressed. However, 
the combination of cisplatin with as little as 2.5 pmol of orally administered 16:4(n-3) 
induced virtually complete chemoresistance (Figure 1A). 100 μl of fish oil A, which contained 
high levels of 16:4(n-3), also induced resistance to cisplatin therapy, whereas fish oil 
monotherapy did not alter tumor volume compared to untreated mice (Figure 1B).  
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Figure 1  Fish oil neutralizes cisplatin activity in mice. (A) 2.5 pmol 16:4(n-3) was administered to tumor-
bearing mice alone or combined with cisplatin. Tumor volume is depicted on day 4 after therapy. (B) 
100 μl fish oil A and cisplatin were administered to tumor-bearing mice. Tumor growth was monitored. 
(C) Tumor-bearing mice were treated with chemotherapy combined with 100 μl pure fish oil, or diluted 
1:10/1:100/1:1000 in sunflower oil. 100 μl fish oil and the combination of 100 μl sunflower oil and 
cisplatin were administered as controls. Tumor volume is depicted on day 4 after therapy. Student’s t 
test, all compared to chemotherapy alone: *p < 0.05,**p < 0.01,***p < 0.001. SFO, sunflower oil.

Table 1. Fish oil contains relevant amounts of 16:4(n-3).

Fish Oil 16:4(n-3) μM Source

A 5.7±0 .7 anchovy / sardine

B 2.7±1.7 anchovy / sardine

C 4.1±3.0 anchovy / sardine

D 1.0±0.1 unknown

E 0.4±0.1 sand eel

F 0.2±0.03 unknown

Three batches of six different fish oils were analyzed on independent occasions by triple-
quadruple mass spectrometry. Average 16:4(n-3) values and standard deviations are 
shown. A, AOV Fish Oil Forte Liquid; B, Bonusan Omega-3 Drinking Oil; C, 702 Drinking 
Oil Forte Liquid; D, HEMA omega 3-6-9; E, Tobis Omega-3; F, Optimax Childen Omega-3 
Liquid.
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To determine the relationship between 16:4(n-3) levels and chemoresistance, a dose 
response study was performed. 100 μl, 10 μl, 1 μl or 0.1 μl of fish oil A was completed 
with sunflower oil to a volume of 100 μl. Sunflower oil did not contain any 16:4(n-3) and 
did not affect chemotherapy activity (Figure 1C). 1 μl of fish oil A was sufficient to neutralize 
cisplatin activity, roughly corresponding to 3 ml for an average-sized patient, a dose well 
below the recommended daily amount of 10 ml.

Fish oil intake causes plasma elevations of 16:4(n-3) in healthy volunteers
Since all tested fish oils contained detectable levels of 16:4(n-3), our preclinical findings 
suggested a potential adverse effect for cancer patients taking such supplements whilst 
on anti-cancer treatment. In a questionnaire handed out to cancer patients in our centre, 
30% of responders reported regular use of nutritional supplements (Table S1). Although 
lower than in the US [2,3,7], still 11% of responders used supplements containing omega-3 
fatty acids, most often in the form of fish oil (39% of omega-3 users). The majority continued 
omega-3 intake during chemotherapy (78%), notifying their physician in 44% of cases. 
With fish oil use being so widespread, we aimed to study 16:4(n-3) uptake in plasma of 
healthy volunteers after fish oil intake. Three fish oils were selected, containing variable 
levels of 16:4(n-3) but all produced from anchovies and sardines to standardize fatty acid 
intake as much as possible. Fish oil A contained 5.4 μM 16:4(n-3), fish oil B 0.8 μM, and 
fish oil C 6.2 μM. A single dose of either 10 ml (the recommended daily amount) or 50 ml 
was administered to six volunteers per fish oil and per dose level, followed by blood 
withdrawals at several time points. 
Although generally well tolerated, mild bloating and nausea were observed following intake 
of 50 ml of fish oil, a dose below the dose safely administered in a previous study [8]. The 
baseline level of 16:4(n-3) in plasma was 11.4±8.1 nM. In all volunteers, plasma levels 
increased following fish oil intake, most reaching maximum levels 4 hours after consumption 
(Figure 2A-F). The recommended daily amount of 10 ml was sufficient to induce clear rises 
in 16:4(n-3) levels in plasma (Figure 2A,C,E). An almost complete normalization was 
observed 8 hours after 10 ml fish oil intake whereas a prolonged exposure was present 
for the 50 ml dose (Figure 2B,D,F). For all fish oils, the magnitude of the plasma peak was 
discrepantly high compared to the calculated 16:4(n-3) intake. For instance, 50 ml of fish 
oil A contained 272 nmol 16:4(n-3) whereas plasma levels rose up to 400 nM. Furthermore, 
although fish oil B contained considerably lower 16:4(n-3) levels than fish oils A and C, 
plasma elevations and AUCs were comparable (Figure 2G). This suggests that other fatty 
acids in fish oil are metabolized to 16:4(n-3) in the body.

Other fatty acids present in fish oil can be metabolized to 16:4(n-3) in mice
To examine whether metabolism of fatty acids into 16:4(n-3) can indeed take place, 100 
μL of fish oil A or its purified components 16:4(n-3) or EPA were administered to mice. 
Resembling the human situation, oral administration of 100 μL of fish oil A containing 543 
pmol of 16:4(n-3) induced a rapid rise of 16:4(n-3) plasma levels in mice up to 1350 nM, 
which is higher than expected based on an average plasma volume of 1.5 ml. When lower 
amounts of fish oil were administered, plasma levels of 16:4(n-3) decreased accordingly 
(Figure 3A). Following administration of 1 μL of fish oil, 16:4(n-3) levels were close to the 
detection limit of the assay.
Next, purified components of 100 μL of fish oil were administered in a total volume of 100 μl. 
543 pmol of purified 16:4(n-3) induced a modest peak in 16:4(n-3) plasma levels (Figure 3B). 
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Figure 2. Fish oil intake causes plasma elevations in 16:4(n-3) in healthy volunteers. Three fish oils were 
administered to 6 volunteers each, either a 10 ml dose (left panels) or a 50 ml dose (right panels). 
Calculated intake of 16:4(n-3) is shown for the different fish oils: A (A,B), B (C,D), and C (E,F). Plasma 
was repetitively withdrawn and 16:4(n-3) levels were analyzed. Each line represents one volunteer. (G) 
The average AUC(0-8) was calculated for each fish oil, whiskers represent 5-95 percentiles.
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EPA is the most abundant fatty acid in fish oil. 69 μmol of EPA, the amount present in 100 
μL of fish oil A, increased 16:4(n-3) plasma levels, although remaining lower than after fish 
oil ingestion (Figure 3C). Since we found that EPA was metabolized into 16:4(n-3), we 
hypothesized that supra-physiological concentrations of EPA would also be able to induce 
chemoresistance. Indeed, 69 μmol EPA was able to neutralize cisplatin effects in mice 
(Figure 3D). However, since 1 μl of fish oil A was sufficient to induce chemoresistance in 
mice, the purified EPA content of 1 μl of fish oil (690 nmol) was administered together with 
cisplatin. This low EPA dose did not influence chemotherapy activity (Figure 3E).  

Figure 3  Other fatty acids present in fish oil can be metabolized to 16:4(n-3) in mice. (A) 100, 10 or 1 μl fish 
oil A or components of 100 μl fish oil: (B) 543 pmol 16:4(-3) or (C) 69 μmol EPA were administered to 
mice in a volume of 100 μl and plasma was withdrawn. 16:4(n-3) plasma levels were determined and 
plotted. (D) 69 μmol EPA and (E) 690 nmol EPA were administered to tumor-bearing mice combined 
with cisplatin. Tumor growth was monitored. Student’s t test, all compared to cisplatin alone: *p < 
0.05,**p < 0.01.
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Thus, in clinically relevant amounts 16:4(n-3) and not EPA was responsible for 
chemoresistance, but metabolism of the large amount of unspecified fatty acids in fish oil 
may contribute to the observed plasma levels of 16:4(n-3).

Figure 4  Consumption of fish that contains 16:4(n-3) results in plasma elevations in healhy volunteers.  
(A-D) 100 grams high-16:4(n-3)-containing fishes (A) mackerel and (B) herring, or low-16:4(n-3)-
containing fishes (C) salmon and (D) tuna was administered to 5 volunteers each, followed by plasma 
withdrawals. Each line represents 16:4(n-3) plasma PK of one volunteer. (E) The average AUC(0-24) was 
calculated, whiskers represent 5-95 percentiles.
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Consumption of fish that contains 16:4(n-3) results in plasma elevations in 
healthy volunteers
We next questioned whether fish consumption would have similar effects on 16:4(n-3) 
plasma levels. Therefore, 16:4(n-3) content was analyzed in fish homogenates purchased 
on three independent occasions. Smoked mackerel and cured herring contained high 
amounts of 16:4(n-3) up to 1200 nM/100 gram (Table S2). We next measured 16:4(n-3) 
levels in human plasma after fish intake by healthy volunteers. Since complete 
normalization to baseline plasma levels of 16:4(n-3) was not reached within 8 hours in 
the fish oil studies, an extra time point was added 24 hours after fish consumption. Intake 
of 100 grams of mackerel or herring resulted in significant plasma elevations. Importantly, 
the fish used in the clinical study contained very high levels of 16:4(n-3) (Figure 4A,B,E). 
In contrast, intake of 100 grams of salmon resulted in a small, short-lived peak, whereas 
tuna consumption, containing the lowest levels of 16:4(n-3), did not affect plasma levels 
(Figure 4C,D,E). Thus, consumption of fish rich in 16:4(n-3) enhances plasma levels of 
this PIFA.

dIsCUssIon

Here, we show that fish oil contains significant levels of 16:4(n-3), a fatty acid with potent 
chemotherapy-negating effects in preclinical models, and that intake of low doses of fish 
oil interferes with chemotherapy activity in mice. Ingestion of the recommended daily 
amount of fish oil by healthy volunteers rapidly increased 16:4(n-3) plasma levels. Since 
low concentrations of 16:4(n-3) were still active in mice, and since 11% of cancer patients 
in our center used omega-3 supplements (and reports in the literature indicate even more 
frequent use), these findings may have important clinical implications. 
Extending on the fish oil findings, 100 grams of herring and mackerel increased 16:4(n-3) 
plasma levels, as opposed to consumption of tuna which contained very little 16:4(n-3). 
Salmon intake resulted in a short-lived peak. Intriguingly, plasma rises after fish consumption 
were mild compared to the rises after fish oil ingestion, although the portions of mackerel 
and herring contained higher levels of 16:4(n-3) than 50 ml of fish oil produced from sardines 
and anchovies. PK experiments in mice suggested that a large part of the 16:4(n-3) plasma 
peak after fish oil intake was due to metabolism of unspecified components of fish oil. 
Apparently, this type of metabolism is much less abundant after fish consumption. Part of 
the 16:4(n-3) peak after fish oil can be explained by EPA metabolism. Conversion of EPA 
to 16:4(n-3) by peroxisomal β-oxidation has been shown in human fibroblasts [9]. Probably, 
16:4(n-3) produced from EPA accumulates as further β-oxidation requires reduction and 
2,4-dienoyl-CoA reductase-catalyzed isomerization which was suggested to be rate-limiting 
[9,10]. In addition to 16:4(n-3), we originally identified a second PIFA: KHT [5]. The present 
study is limited to 16:4(n-3) in the absence of an adequate assay for KHT and its active 
precursor HHT, but these fatty acids might be relevant and merit further study.
Our results add to the growing awareness that not all dietary supplements are beneficial or harmless, 
but some may interfere with treatment outcome. A convincing example is the influence of St. John’s 
wort on pharmacokinetics of a large number of drugs [11]. However, not all examples are so 
straightforward. In the 80s and early 90s numerous retrospective and prospective studies showed a 
significant association between β-carotene in the diet and lower incidence of lung cancer, which was 
supported by preclinical studies from that period [12-14]. Subsequently, two large trials showed that 
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β-carotene actually enhanced the number of lung cancer cases and overall mortality, reversing the 
opinion on these supplements [15,16]. Will fish oil be the new β-carotene? In cardiovascular disease, 
enthusiasm regarding omega-3 supplements is waning since two recent meta-analyses, representing 
ten thousands of patients, showed no beneficial effects of these supplements [17,18]. The assessment 
of fish oil might be even more complex than that of β-carotene since its composition is largely unknown 
and it is made from numerous fish species. We found large differences in 16:4(n-3) content between 
fish oils, and between batches of the same fish oil. 
A direct translation of our preclinical data to the clinic would require a controlled clinical 
trial to show that 16:4(n-3)-containing fish oil inactivates chemotherapy. We consider this 
unethical, thereby limiting the information on the relationship of chemotherapy and fish oil 
to reports in the existing literature. Unfortunately, studies are scarce and their interpretation 
is difficult in the absence of a well-defined product. A recent study suggested that fish oil 
augmented patient tolerability to cytotoxic therapy, but this study was underpowered and 
statistical significance was not reached [19]. Only one trial has addressed fish oil 
supplementation on chemotherapy outcome. Murphy et al. assigned patients with stage 
IIIB/IV NSCLC to platinum-based chemotherapy with or without fish oil supplementation, 
containing 2.2 g of EPA and 500 mg of DHA per day. In contrast to our findings, this study 
showed a higher response rate and a trend towards a higher one-year survival when fish 
oil was added as an adjuvant to chemotherapy [20]. However, patient numbers were limited 
to 15 patients treated in the combined treatment arm. 
Taken together, our (pre)clinical studies raise concern about the simultaneous use of 
chemotherapy and fish oil. Based on our findings and until further data become available, 
we advise patients to temporarily avoid fish oil from the day before chemotherapy until 
the day thereafter. This advice was adopted by the Dutch Cancer Society, and by the Dutch 
national working group for dieticians in oncology [21,22]. Although further evidence on the 
relation between fish consumption and chemotherapy activity is desired, we would 
currently recommend to avoid herring and mackerel in the 48 hours surrounding 
chemotherapy exposure. 

mAterIALs And metHods

Volunteer study
The study was approved by the UMC Utrecht ethics committee, and conducted in 
accordance with the Declaration of Helsinki, between March and November 2012. After 
giving informed consent, volunteers ingested a dose of 10 ml or 50 ml of 3 commercially 
available fish oils (n=6 per group), followed by blood withdrawals. Different vials from the 
same fish oil batch were pooled and analyzed for 16:4(n-3) content before intake. Use of 
fish oil two weeks and fish one week preceding the study were exclusion criteria. Two 
volunteers fell out due to problems with blood withdrawals. For the fish study, volunteers 
received 100 gram of raw salmon or tuna, smoked mackerel or cured herring. Fish was 
obtained fresh from a local fish trader, and kept on ice at all times. Part of the fish was 
homogenized and 16:4(n-3) concentrations were determined. At least 6 weeks were 
scheduled between different fish or fish oil intakes. There was a two week follow-up period. 
Blood samples were collected in BD vacutainer citrate tubes before intake, 30 minutes,  
1, 2, 4, 6, 8 hours after fish (oil). Blood was collected 24 hours after fish intake. After 
centrifugation (2300 g, 10 minutes), plasma was stored at -80˚C until analysis. 
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16:4(n-3) quantification
To 100 μl of plasma, 20 μL internal standard [7,8,10,11,13,14-2H6]7,10,13-hexadecatrienoic 
acid (d6-16:3(n-3)) (0.078 μM) in 400 μL MeOH was added, followed by liquid-liquid 
extraction, reconstitution in 100 μl chloroform and solid-phase extraction on Sep-Pak 500 
mg NH2 solid phase extraction cartridges (Waters Corporation, Milford, MA). The eluate 
containing fatty acids was evaporated and dissolved in 100 μL acetonitrile. Chromatographic 
separation was achieved on a Column Acquity UPLC BEH C18 (2.1x100 mm) and detection 
by triple-quadruple mass spectrometry (TQMS Xevo Waters). MS/MS data acquisition was 
performed with the electrospray source operating in negative mode with multiple reaction 
monitoring settings: 16:4(n-3):247.23>203.23 and d6-16:3(n-3):255.38>211.27. A calibration 
curve (0-500 nmol/l 16:4(n-3) in plasma) was included in each analytical run. Samples 
containing high 16:4(n-3) levels were diluted and re-analyzed. 

Validation 16:4(n-3) in plasma
This assay was validated (ECA Stigter, EEV, JG, NMVD, AB Brenkman, submitted 
manuscript). In short, coefficients of variation (CV) at concentrations of 5 nmol/l and 80 
nmol/l were 7.7% (n=10), and 1.8% (n=10) respectively. The limit of detection of 16:4(n-3) 
was 1.1 nmol/l whereas the limit of quantification was 3.0 nmol/l. The analysis was linear 
(less than 5% deviation) in plasma in the concentration range of 0-500 nmol/l. For oil and 
fish samples quantification of 16:4(n-3) samples were diluted 1:50 in chloroform, 1.56 pmol 
of internal standard d6-C16:3(n-3) was added and samples were subjected to normal phase 
SPE clean-up. Accuracy was tested by adding different amounts of C16:4 to the oil samples. 
Recovery of the added amounts was between 90 and 110% (Table S3). 

Mouse experiments
Mouse experiments were conducted as reported previously[5], in agreement with Dutch 
Law on Animal Experiments and approved by the UMC Utrecht Animal Care Ethics 
Committee. C26 cells were maintained in DMEM containing FCS/Penicillin-Streptomycin. 
1x106 cells were implanted subcutaneously into BALB/c mice. Tumor size was determined 
by calipers, volume was calculated (0.5xLxW2). When tumors reached 50-100mm3, therapy 
was started: 6 mg/kg cisplatin intraperitoneally (PCH, Haarlem, the Netherlands). 100 μl 
commercially available fish oil, obtained via internet stores; pure sunflower oil (Sigma 
Aldrich, Zwijndrecht, the Netherlands); EPA (Cayman Chemicals, Ann Arbor, Michigan, 
USA); 16:4(n-3); or vehicle were orally administered by gavage. 16:4(n-3) was purified from 
algae [23]. For PK, cardiac punctions were performed, blood was collected in EDTA tubes, 
centrifuged (1800g, 10 minutes), and stored at -80˚C until analysis.

Questionnaire
An anonymous, voluntary questionnaire was approved by the medical ethical authority and 
handed out to patients visiting the medical oncology outpatient ward, UMC Utrecht, in 
November 2011. 118 questionnaires were analyzed.

Statistical analysis
Data are expressed as mean±SEM unless indicated otherwise. Statistical significance 
assessed by Student’s two-tailed t-test in SPSS. 
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sUPPLementAL

Table S1. Questionnaire on supplement use in patients treated with 
chemotherapy.

General n % 95% CI

Response rate 118 30

Gender

Male 59 52 -

Female 49 44 -

Unknown 4 4

Age 

Mean (years) 58 55 - 60

SD 14 -

Use of supplements 35 30 -

Gender

Male 11 31 -

Female 22 63 -

Unknown 2 6 -

Age 

Mean (years) 58 53 – 62

SD 13 -

Products used

Omega-3 13 37 -

Vitamines 28 80 -

Herbs 8 23 -

Accupuncture 4 11 -

Other 29 83 -

Omega-3 use 13 11

Gender

Male 4 31 -

Female 8 61 -

Unknown 1 8 -

Age 

Mean (years) 54 45 - 63

SD 14 -
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Table S2. Certain fishes contain high levels of 16:4(n-3).

Fish 16:4(n-3) nmol/100 gram

Mackerel 1244±1128

Herring 1224±895

Salmon 24±22

Tuna 6±4

A panel of commonly consumed fishes was homogenized and 16:4(n-3) 
content was measured on three independent occasions. Average 16:4(n-
3) values and standard deviations are shown.

table S1 continued

General n % 95% CI

Omega-3 products used

fish oil 5 39 -

cod-liver oil 2 15 -

margarine 3 23 -

not specified 3 23 -

Frequency of omega-3 use

Daily 9 69 -

Multiple times per week 3 23 -

Weekly 0 0 -

Unknown 1 8 -

Physician Awareness

Yes 6 46 -

No 7 54 -

Use during therapy

Yes 11 84 -

No 1 8 -

Unknown 1 8 -

400 anonymous questionnaires regarding use of food supplements were 
handed out to patients treated with chemotherapy at the department of 
medical oncology at the UMC Utrecht. Results were analyzed and 
significance was calculated.
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Table S3. Validation of 16:4(n-3) quantification in fish oil.

concentration 16:4(n-3) (nM) % 16:4(n-3) recovered

Standard 7 31,25

Standard 9 125

Oil 1 19,2

Oil 1 + Standard 7 56,3 118,9

Oil 1 + Standard 9 162,4 114,6

Oil 2 6,2

Oil 2 + Standard 7 39,2 105,7

Oil 2 + Standard 9 120,3 91,3

Oil 3 3,5

Oil 3 + Standard 7 36,4 105,3

Oil 3 + Standard 9 146,2 114,1

Oil 4 121,0

Oil 4 + Standard 7 164,2 138,2

Oil 4 + Standard 9 264,2 114,5

Oil 5 196,4

Oil 5 + Standard 7 228,5 102,9

Oil 5 + Standard 9 330,7 107,4

Average 111,3

Standard Deviation 12,3

Accuracy of 16:4(n-3) measurements in fish oil was tested by adding different amounts of 
C16:4(n-3) to diluted oil samples together with 1.56 pmol of internal standard d6-C16:3(n-3). 
Samples were subjected to normal phase SPE clean-up.
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AbstrACt

Vascular disrupting agents (VDAs) represent a novel class of drugs targeting the tumor’s 
blood supply. Conceptually and operationally different from currently used antiangiogenic 
agents, VDAs have a high specificity for the established but abnormal tumor vasculature. 
Upon administration, rapid changes in the microtubule cytoskeleton of tumor endothelial 
cells are induced, resulting in a cascade of events ultimately leading to blood flow stasis 
and vascular collapse. Subsequently, the cells in the core of the tumor become necrotic 
and die. However, tumor repopulation occurs from a rim of viable tumor tissue on the 
edges of the tumor, stimulating the search for appropriate combination strategies designed 
to interfere with the regrowth from the viable rim. Such combinations include chemotherapy, 
radiation, and antiangiogenic drugs. In recent years, understanding of the molecular and 
cellular mechanisms taking place in response to VDA therapy has improved substantially. 
Multiple drug combinations have been designed and tested in preclinical models, some of 
which have shown encouraging results. Clinical benefits are currently under investigation 
in a number of ongoing clinical trials, including randomized phase III trials.
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IntrodUCtIon

During the past decade, angiogenesis has been validated as a clinical target for cancer. 
Approved antiangiogenic agents currently used in the clinic include the humanized 
monoclonal antibody to VEGF, bevacizumab (Avastin®), and small molecule receptor 
tyrosine kinase inhibitors (RTKIs), such as sunitinib, sorafenib, and pazopanib [1]. The 
vascular disrupting agents (VDAs) form a novel group of drugs targeting the tumor’s blood 
supply, but in contrast to the registered antiangiogenic drugs, which mainly prevent growth 
of new tumor blood vessels from mature vasculature [2], VDAs selectively target the 
existing but abnormal tumor vasculature [3, 4], resulting in rapid occlusion of such tumor 
vessels and shutdown of tumor blood flow within hours. Subsequently extensive tumor 
cell necrosis occurs [5].
Two classes of low-molecular weight drugs that have been shown to cause major effects 
on the existing tumor vasculature are the flavonoids, such as dimethylxanthenone-acetic 
acid (DMXAA [6]), and the tubulin-binding agents [7]. Tubulin-binding agents include drugs 
such as the Vinca alkaloids (vincristine and vinblastine) [8], colchicine [9], and the more recently 
discovered combretastatin-family, on which this review is focused. The combretastatins 
resemble colchicine, but with a much higher affinity for the binding site and, importantly, 
potent antivascular effects at well-tolerated doses [10, 11], distinguishing them from previously 
available tubulin-binding chemotherapeutic agents [5]. 
A total of 17 combretastatin compounds were originally isolated from the South African 
willow tree Combretum caffrum [12], with Combretastatin A-4 (CA-4) and Combretastatin 
A-1 (CA-1) being the most active ones in terms of their in vitro effects, and their interaction 
with tubulin [11, 12]. Even though their antivascular properties were already known in the 
1980s, use of these agents in preclinical cancer models was delayed until the 1990s, when 
water-soluble prodrugs were developed for first CA-4 (Combretastatin A-4-phosphate, 
CA4P[13]) and later CA-1 (Combretastatin A-1-phosphate, CA1P [14]). These compounds are 
cleaved to their active forms by endogenous nonspecific phosphatases. CA1P has shown 
more potent anti-vascular and antitumor effects than CA4P [15], potentially due to an 
additional cytotoxic mechanism [16].
The first tubulin-depolymerising VDA to enter clinical trials was CA4P (fosbretabulin or 
Zybrestat) in 1997. In patients, CA4P monotherapy showed severe reductions in tumor 
blood flow and perfusion, corresponding with preclinical data [17-19]. Trials have been initiated 
combining CA4P with other anticancer drugs such as chemotherapy [20, 21], radiotherapy [22] 

and antiangiogenic drugs [23]. CA1P (OXi-4503) is currently in phase I trials to determine its 
safety as monotherapy. Furthermore, numerous derivates and synthetic analogues of the 
original VDAs have been produced, many of which have entered clinical studies as well [24] 
(Table 1). Prime examples of such drugs are AVE8062, a synthetic serine pro-drug derivative 
of CA-4 [25] and ZD6126, a derivative of colchicine [26]. Although VDAs are generally well-
tolerated and hematological toxicity seems to be lacking, some patients might suffer from 
tumor-associated pain, cardiac ischaemia or other cardiovascular adverse events, and 
neurologic complications [27].
During the past few years, considerable progress has been made in uncovering cellular 
and molecular mechanisms of action of VDAs, especially for the combretastatin family. 
Here, we discuss the cascade of events responsible for the initial vascular collapse and 
tumor cell kill by the combretastatins, followed by a discussion of possible mechanisms 
that may be responsible for the subsequent tumor regrowth, one of the obstacles limiting 
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clinical efficacy of this family of drugs. Strategies to interfere with this tumor repopulation 
to improve the impact of VDAs, and potential future directions are also discussed.

tUmor tArgetIng

I. Mechanisms of action
The most dramatic effects of VDAs are achieved at very early times after drug administration. 
Within minutes tumor blood flow begins to diminish, sometimes reaching values of less 
than 5% of the baseline values within 1 hour, whereas blood flow in normal tissues is 
barely affected [28, 29]. The underlying mechanism of this rapid and severe tumor blood vessel 
shutdown is based on selective disruption of the tumor-associated endothelial microtubule 
cytoskeleton [30], which results in morphological changes, increased vascular resistance, 
blood flow stasis and vascular collapse. 
The morphological changes involve rounding up of endothelial cells [30, 31], associated with 
condensation of tubulin, disruption of microtubules and reorganization of the actin 
cytoskeleton [30]. Actin filaments are disrupted and an abundance of actin stress fibers is 
generated. This actin reorganization occurs through activation of the RhoA-GTPase/Rho 
kinase pathway, leading to myosin light chain (MLC) phosphorylation and focal adhesion 
complex malformation [32]. Retraction of endothelial cells takes place, resulting in formation 
of intercellular gaps. The loss of intercellular contacts may be mediated by VDA-induced 
vascular endothelial (VE)-cadherin disengagement [33]. Disruption of this endothelial cell-
specific junction protein abrogates integrity and survival of endothelial cells via inhibition 
of its downstream targets β-catenin and Akt [33].

Table 1  Current clinical status of tubulin-binding VDAs*

Company Compound name Phase of Clinical Trial

OXigene CA4P III

Sanofi-Aventis AVE8062 III

Abbott Laboratories ABT-751 II/III

Cytopia CYT997 II

Daiichi Pharmaceuticals TZT-1027 II

Myriad Pharmaceuticals MPC-6827 II

Astra Zeneca / Angiogene ZD6126 II

Bionomics BNC105P II

Nereus Pharmaceuticals NPI-2358 I/II

OXigene OXi-4503 I/II

Chong Kun Dang Pharmaceutical Corporation CKD-516 I/II

EPiCept Corporation EPC2407 I

MediciNova / Angiogene MN-029 I

* A non-tubulin-binding VDA, DMXAA or ASA404, is currently being evaluated in a randomized 
phase III trial with carboplatin and paclitaxel in advanced non-small cell lung cancer (NSCLC).
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In vitro, membrane blebbing occurs in a subset of cells, which correlates with defective 
assembly of focal adhesions and with VDA-induced activation of the mitogen activated 
protein kinase (MAPK)-component SAPK-2/p38 [32]. This activation is in part mediated by 
oxidative stress [34, 35], a known driver of SAPK-2 activation [36, 37]. 
Together, these changes increase the paracellular permeability of the endothelial cell 
monolayers for macromolecules in vitro [31, 32] and thus results in increased vascular 
permeability in vivo [29]. Fluid loss into the tumor tissue results in high blood viscosity, which 
enhances vascular resistance [38]. Other factors that play a role in the increased vascular 
resistance are the morphological changes in endothelial cells and active arteriolar 
vasoconstriction, which is potentially mediated by Rho signaling [29, 39]. When blood flow 
decreases, rouleaux of red blood cells are formed, accelerating blood flow stasis even 
further [29], ultimately resulting in vessels collapse.
Following these rapid early events, a cascade of other VDA effects takes place to sustain 
blood flow inhibition and tumor cell necrosis. Exposure of the basement membrane [40], 
haemorrhage and coagulation [41] occur. Neutrophil recruitment and adhesion to the vascular 
wall result in enhanced vascular disruptive actions and perhaps even cytotoxicity towards 
tumor cells via induction of myeloperoxidase [42, 43]. 
While relatively high doses of VDAs are needed to induce the early, disruptive effects on 
the established vasculature, CA4P can also interfere with sprouting of new blood vessels 
when much lower doses are administered [44, 45]. A similar antiangiogenic mechanism takes 
place when other microtubule-targeting drugs such as taxanes are administered in low 
doses [46]. While high CA4P doses will cause rapid tubulin depolymerization, low doses do 
not disrupt the microtubules but suppress their dynamics [46]. This means that the ability of 
microtubules to rapidly shorten and lengthen is lost. Endothelial cells are particularly 
sensitive to changes in this so-called dynamic range, resulting in defective endothelial 
cell migration and tube formation after CA4P treatment [33, 44]. However, these changes 
will not become obvious until later time points after administration. Prolonged exposure 
of proliferating endothelial cells to low concentrations of VDAs in vitro leads to disruption 
of mitotic spindles, mitotic arrest and eventually cell death via complex mechanisms 
including caspase dependent and non-caspase dependent pathways [34, 47, 48]. Whether 
these vascular targeting effects take place in vivo remains to be determined, since VDAs 
have a short half-life and repetitive dosing would be required to capture all endothelial 
cells in mitosis [24, 41]. 

II. Targets of VDA therapy 
Though the reasons are not yet clear, VDAs seem to exert their antivascular actions 
specifically or preferentially on tumor-associated blood vessels [28]. The most likely 
explanation for this specificity are the major morphological and functional differences 
between tumor vessels and the normal vasculature. Tumor blood vessels are generally 
characterized as heterogeneic and immature [49]. Vessel shape, diameter and length are 
highly variable, contributing to fluctuating blood flow [50]. Their basement membranes are 
also irregular [51], proper pericyte coverage is lacking and interactions between pericytes 
and endothelial cells are aberrant [52, 53]. The endothelial cells have incompletely developed 
actin cytoskeletons, which, in combination with the absence of supportive pericytes, 
make them highly dependent on microtubules to maintain their shape and attachment. 
One can imagine that these fragile endothelial cells are highly susceptible to collapse in 
response to a therapy that induces tubulin depolymerization [4]. Furthermore, the often 
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defective endothelial cell junctions and elevated levels of VEGF induce a highly permeable 
vasculature. VDA treatment augments vascular permeability even further, contributing 
to vascular collapse. In addition, endothelial cells in tumors have a higher proliferation 
rate than in mature blood vessels [49]. There is evidence that VDAs preferentially target 
these proliferating endothelial cells [5, 48]. 
Recently, a number of groups have reported that VDA effects might not be entirely 
restricted to (tumor) endothelial cells, but in certain situations may also have direct cytotoxic 
effects on tumor cells. Hematological tumor cell populations were found to be sensitive 
to VDA therapy in vitro and in preclinical mouse models, e.g. multiple B-lymphoid cell lines 

[54, 55] and acute myeloid leukemia cells [34]. The effects of CA4P on orthotopically implanted 
leukemia is most likely due to changes in adherence and attachment of leukemic cells, 
releasing them from their protective stromal niches [34].
In vitro studies show that also various solid tumor cell lines and primary solid human cancers 
manifest sensitivity to the cytotoxic effects of combretastatins. This was found in lung 
cancer [56], breast cancer [57], colon cancer [57], bladder cancer [58] and gastric cancer cells [59], 
among others. The antitumor effects of combretastatin on anaplastic thyroid carcinoma is 
of particular interest, since one patient with this notoriously highly aggressive disease 
experienced a prolonged complete response after CA4P monotherapy in a phase I clinical 
trial [17]. Indeed, experiments in vitro and in vivo have confirmed the antineoplastic actions 
on anaplastic thyroid carcinoma [60, 61]. Subsequent clinical trials with VDAs in this disease 
showed encouraging results [62]. The benefit of adding CA4P to paclitaxel and carboplatin 
is currently under investigation in a worldwide phase II/III trial for patients with anaplastic 
thyroid carcinoma. In addition, there is suggestive data from an ongoing phase II clinical 
trial that CA4P might have beneficial effects in platinum-resistant ovarian cancer. 

tUmor rePoPULAtIon AFter VdA tHerAPY

Due to massive tumor blood flow inhibition, extensive necrosis of tumor cells can occur. 
In some cases up to 90% of tumor tissue becomes necrotic within hours of a single VDA 
administration [4, 5]. Nevertheless, VDA monotherapy generally induces only moderate 
antitumor effects in the long term because the treated tumors quickly recover from the 
VDA-induced damage [4, 63] As early as 24 hours after VDA therapy, tumor endothelial cells 
return to their normal shape [30], corresponding with partial recovery of blood flow [29]. After 
restoration of the blood flow, tumor regrowth almost invariably occurs from a rim of viable 
tissue that remains at the edges of the VDA-treated tumors, surrounding the necrotic core 

[5]. This viable rim is not grossly affected by the VDA; blood flow remains relatively normal 
and no necrosis is found. Hence, renewed tumor growth from this rim of viable tissue 
reduces much of the initial treatment benefits [64]. 
Diverse explanations for the existence of the viable tumor rim remaining after VDA therapy 
have been postulated. The differences in vascular or endothelial cell structure between 
the well-oxygenated edges and the hypoxic centre of an untreated tumor might play a role. 
On the edges, larger vessels with proper blood flow are present, which are less susceptible 
to vessel collapse, like the normal vasculature elsewhere [29]. Recent evidence suggests 
that cells at the tumor edges can take advantage of the normal vessels in the healthy tissue 
surrounding the tumor, a process that is called ‘co-option’ [65, 66]. Since VDAs specifically 
target the established but abnormal tumor vasculature, the vasculature in the neighboring 
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tissues is much less affected by the therapy. Another explanation comes from the in vitro 
observation that VDAs are more active under hypoxic conditions, which are present in the 
core of most tumors, in contrast to the rim [5]. 

Since tumor cell repopulation occurs so rapidly, many research groups have tried to achieve 
more durable responses by combining VDAs with other treatment modalities that are 
complimentary to the actions of VDAs, i.e. which target the rapidly dividing tumor cells in 
the viable tumor rim, or the associated angiogenic vasculature. Its localization on the edge 
of the tumor and its well-oxygenized status makes the viable rim an attractive target for a 
number of other therapies, and indeed co-treatment with radiation therapy [22] or maximum 
tolerated dose (MTD) chemotherapy [20, 21] can target many of the remaining viable tumor 
cells and thereby improve VDA efficacy. 
Since one of the main determinants of tumor regrowth is neovessel formation, the 
combination of VDAs with antiangiogenic drugs has received particular recent attention. 
Theoretically, the combination of a VDA, targeting the established tumor vasculature, and 
an antiangiogenic drug, targeting neovessel formation, will be highly complementary [23]. 
Intratumoral increases in vascular endothelial growth factor (VEGF), a potent proangiogenic 
cytokine, were recently reported after VDA administration [67, 68], likely resulting from VDA-
induced hypoxia [58]. Hypoxia is characterized by stabilization of hypoxia inducible factor 
(HIF), a transcription factor regulating VEGF expression [69]. Hence co-therapy of 
antiangiogenic agents blocking the VEGF pathway could have an additive and perhaps even 
synergistic effect. Indeed, such combinations have shown encouraging preclinical results, 
enhancing overall antitumor activity significantly in animal models [23, 70, 71].
In addition to this local form of angiogenesis, arising from dividing mature endothelial cells 
and vessel sprouting, there is also a systemic vasculogenic component to neovessel 
formation. This occurs when vascular progenitor cells are mobilized from the bone marrow 
to sites of neovessel formation, where they are incorporated in the lumen of new vessels 
and differentiate into mature endothelial cells. Recent research into the mechanisms of 
regrowth after VDA therapy revealed that these bone marrow-derived progenitor cells play 
an important role. Upon therapy with the VDA CA1P, progenitor cells are mobilized from 
the bone marrow into the circulation, including endothelial progenitor cells (CEPs). Rapid, 
robust increases in CEPs have been shown to occur within hours after VDA administration 
in mice, which home to the viable tumor rim where they contribute to angiogenesis and, 
indirectly, tumor regrowth [72]. This implicates the possibility that the tumor repopulation 
from the viable rim is actually a consequence of a host response inherent to the drug itself. 
Recently, Shaked et al. have shown that this VDA-induced CEP mobilization is dependent 
on an acute and marked increase in levels of circulating G-CSF levels, a known mobilizer 
of bone marrow-derived cells [68]. 
Among other cell surface markers, CEPs express the VEGF receptor 2. This receptor can 
be targeted by specific antiangiogenic antibodies, such as the murine anti-VEGFR-2 antibody 
DC101. When DC101 is administered just before CA1P, CEPs are not mobilized and the 
viable rim almost completely disappears, resulting in a more durable and extensive tumor 
response [72]. The ‘CEP hypothesis’ therefore provides an additional explanation for the 
beneficial actions of a VDA and an antiangiogenic drug targeting the VEGF pathway.
Interestingly, similar CEP mobilization and upregulation of CEP mobilizing cytokines G-CSF 
and VEGF are clinically observed in the circulation of cancer patients immediately after 
administration of CA4P [68] and AVE8062 [73], correlating remarkably well with the preclinical 
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data. This supports clinical testing of the combination of VDAs with CEP-targeting agents, 
which has been done in a phase I clinical trial combining CA4P with the human monoclonal 
antibody targeting VEGF, bevacizumab [74]. The combination was found to be safe and well 
tolerated, with preliminary evidence of added clinical activity. 
Next to these CEP blocking antibodies, another pharmacological approach that has been 
shown to substantially reduce CEP mobilization is frequent administration of low-dose 
chemotherapy at regular intervals without drug-free breaks. Previous studies have shown 
that this so-called ‘metronomic chemotherapy’ [75] can target angiogenesis, at least in part 
by blocking the mobilization of CEPs [76, 77]. When co-administering metronomic 
chemotherapy with CA1P in mouse tumor models, an abrogation of the CEP spike was 
seen, which corresponded with a reduction of the viable rim and significantly delayed tumor 
regrowth [78] (Figure 1). 
Recently, it has become increasingly clear that not only CEPs but also other populations 
of bone marrow-derived cells are able to promote angiogenesis, such as Tie-2 expressing 
monocytes (TEMs) [79], hemangiocytes [80] and tumor-associated macrophages (TAMs) [81, 82]. 
These cell populations, some of which express VEGFR-2 on their cell surface, could 
potentially be mobilized from the bone marrow and colonize the viable rim after VDA 
therapy. Further research is required to identify the potential contribution of these cell types 
to the angiogenic tumor regrowth after VDA administration.

Figure 1.  Addition of metronomic cyclophosphamide to CA1P (OXi-4503) enhances tumor control in mice. 
6-8 week old nude mice were orthotopically implanted with 2x106 231/LM2-4 cells, an aggressive 
variant of the human MDA-MB-231 breast cancer cell line. When tumor volumes reached ~400 mm3, 
continuous daily treatment with low-dose cyclophosphamide (CTX) and subsequently OXi-4503 (OXi) 
every two weeks was initiated. Tumor sizes were assessed twice weekly by Vernier calipers. Grey 
arrow, start continuous cyclophosphamide administration; black arrows, OXi-4503 administration. Error 
bars + SD. Cyclophosphamide + OXi-4503 values are compared to OXi-4503 treated mice. * 0.01 < p < 
0.05 using student’s t-test two-tailed unpaired. Adapted from: Daenen et al [78].
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sCHedULIng oF drUg CombInAtIons

In addition to selecting an effective combination strategy, it is likely that optimal drug 
scheduling will be important in generating maximal antitumor efficacy [21]. In combinations 
based on inhibition of the mobilization of certain bone marrow-derived cells, such as 
VEGFR-2 blocking antibodies or metronomic chemotherapy, the blocking agent will have 
to be administered before or along with the VDA. Since radiation efficacy is highly 
dependent on the oxygenation status of the tumor and VDAs induce low oxygen levels, 
radiation will be more effective when administered before the VDA as well [21]. In the case 
of conventional, MTD chemotherapy, administering the chemotherapeutic agents before 
the VDA will ensure that the target cells are reached by the chemotherapy before vascular 
shutdown takes place [21]. Albeit controversial, several studies indicate that chemotherapy 
might even be trapped within the tumor once VDA-induced vessel collapse takes place, 
thereby enhancing chemotherapeutic activity [61, 83, 84]. 
The apparently counterintuitive combination of taxanes with VDAs requires special focus 
on optimization of dosing and schedule [85]. These agents share the same molecular target, 
microtubules, and they bind tubulin with a similar tubulin binding site. However, the two 
therapies have opposing effects on microtubules. As previously explained, VDAs destabilize 
microtubules, while taxanes induce stabilization. Additionally, both drugs target endothelial 
cells. When a taxane, paclitaxel, was administered at the same time or shortly before a 
VDA, the endothelial cells in vitro and in vivo were protected against the VDA, in this case 
ZD6126. Intervals of 72 hours were required to interfere with the protective effect and 
enhance therapy efficacy compared to monotherapy [86]. On another note, paclitaxel and 
VDAs also share the capacity to mobilize proangiogenic CEPs within 4 hours of drug 
administration [72, 87]. Based on these data, we reason that addition of a third, CEP targeting 
drug (such as anti-VEGF antibodies) to this combination would probably increase antitumor 
activity. 

sUmmArY And FUtUre dIreCtIons 

VDAs represent a relatively new approach to treating cancer, by virtue of rapid targeting 
of the tumor vasculature and introducing massive tumor necrosis. Given the fact that 
recovery of blood flow occurs as early as 24 hours after VDA administration, thus minimizing 
the drug’s impressive initial impact, combination therapies are needed to interfere with 
this particular phenomenon. Currently, a number of tubulin-binding VDAs are involved in 
phase I, II and III clinical trials (Table 1), many of which are tested in combinations regimens. 
Lead compounds CA4P and CA1P (OXi-4503) have shown promising results, such as a 
large decrease in tumor blood flow in all studies. 
However, some obstacles remain before VDAs can be approved and successfully 
implemented into routine clinical practice. Currently, the first phase III clinical trials 
involving VDAs are maturing, such as the study on CA4P monotherapy in anaplastic thyroid 
carcinoma. Another phase III trial involving the non-tubulin-binding VDA DMXAA (ASA404) 
in combination with paclitaxel and carboplatin in advanced non-small cell lung cancer 
(NSCLC) has recently completed enrollment. These and other randomized trials will 
elucidate the effects of VDAs in terms of their clinical benefit, antivascular effects and 
side events in larger patient cohorts. From the available clinical studies it is known that a 
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subset of patients experiences toxicity related to damage to the normal vascular 
endothelium, resulting for example in cardiac ischemia and cardiac arrhythmias [27]. A 
decrease in left ventricular ejection fraction (LVEF) and thromboembolic events have been 
reported as well [26]. 
An emerging challenge is determining the optimal biological dose (OBD). The current design 
of phase I clinical trials is directed at finding the MTD of experimental drugs. However, 
VDAs have shown activity at doses below their MTD [28, 88] and it is likely that the OBD will 
not be correlated to the MTD. This stresses the need for alternative methods for assessing 
the antitumor effects of VDAs [89]. Measuring surrogate markers for clinical effects could 
be an option, e.g. CEP levels in the circulation. Another possibility that is being clinically 
evaluated is non-invasive imaging [90]. With these techniques, tumor viability can be 
determined, along with perfusion parameters. Dynamic contrast enhanced magnetic 
resonance imaging (DCE-MRI) has been used in phase I trials to demonstrate antivascular 
activity of various VDAs [17, 91]. Other imaging techniques that can be exploited include 
positron emission tomography (PET) [92], high frequency Doppler ultrasound [93] and magnetic 
resonance spectroscopy [94, 95], among others. These techniques will have to be validated 
and optimized. 
As more information on the mechanisms of action of these drugs becomes available, new 
and more effective combination strategies can be designed. Indeed, potential co-therapy 
of VDAs with other experimental therapies has been investigated preclinically, such radio-
immunotherapy [96], VE-cadherin antibodies [33], NOS inhibition [97] and hyperthermia [98].
Recently, hypoxia and subsequent upregulation of HIF-1 have attracted much attention as 
targets of cancer therapy [99, 100]. Hypoxia is known to enhance or induce aggressive 
behaviour of tumors, e.g. inducing HIFs which regulate genes involved in tumor cell survival, 
invasion, metabolic adaptation and new blood vessel growth [101]. In addition, hypoxia 
renders tumors more resistant to chemotherapy and radiation therapy [102]. VDAs have been 
shown to induce hypoxia and expression of HIF-1 in tumor cells under aerobic conditions 
in vitro [58]. Moreover, CA4P can activate HIF-1 even in absence of hypoxia [58]. These in vitro 
results were supported by evidence from colorectal and melanoma mouse models treated 
with a VDA [72, 103]. Even though VDA-induced hypoxia is accompanied by severe necrosis, 
which kills the majority of cells in the core of the tumor, VDAs could potentially benefit 
from combinations with therapies that target HIF, such as inhibitors of topoisomerase I, 
guanyl cyclase, Hsp90 molecular chaperone or histone deacetylases (HDACs). Another 
option might be to exploit hypoxia, e.g. by combining VDAs with hypoxia reactive 
bioreductive prodrugs, that only become activated and cytotoxic when exposed to low 
oxygen levels [104]. Evaluating such treatment combinations, among many others, will no 
doubt be stimulated if ongoing phase III clinical trials of VDAs eventually show a significant 
benefit.

2012129 proefschrift Laura van Hussen.indd   122 05-03-13   16:25



Vascular Disrupting agents (VDas) in anticancer therapy

123

6

reFerenCes

1. Kerbel RS. Tumor angiogenesis. N Engl J Med 2008;358:2039-49.
2. Auerbach W, Auerbach R. Angiogenesis inhibition: a review. Pharmacol Ther 1994;63:265-311.
3. Denekamp J. Review article: angiogenesis, neovascular proliferation and vascular pathophysiology as 

targets for cancer therapy. Br J Radiol 1993;66:181-96.
4. Chaplin DJ, Pettit GR, Hill SA. Anti-vascular approaches to solid tumour therapy: evaluation of 

combretastatin A4 phosphate. Anticancer Res 1999;19:189-95.
5. Dark GG, Hill SA, Prise VE, Tozer GM, Pettit GR, Chaplin DJ. Combretastatin A-4, an agent that displays 

potent and selective toxicity toward tumor vasculature. Cancer Res 1997;57:1829-34.
6. Baguley BC, Zhuang L, Kestell P. Increased plasma serotonin following treatment with flavone-8-acetic 

acid, 5,6-dimethylxanthenone-4-acetic acid, vinblastine, and colchicine: relation to vascular effects. 
Oncol Res 1997;9:55-60.

7. Chaplin DJ, Pettit GR, Parkins CS, Hill SA. Antivascular approaches to solid tumour therapy: evaluation 
of tubulin binding agents. Br J Cancer Suppl 1996;27:S86-S88.

8. Baguley BC, Holdaway KM, Thomsen LL, Zhuang L, Zwi LJ. Inhibition of growth of colon 38 
adenocarcinoma by vinblastine and colchicine: evidence for a vascular mechanism. Eur J Cancer 
1991;27:482-7.

9. Boyland E, Boyland ME. Studies in tissue metabolism: The action of colchicine and B. typhosus extract. 
Biochem J 1937;31:454-60.

10. McGown AT, Fox BW. Structural and biochemical comparison of the anti-mitotic agents colchicine, 
combretastatin A4 and amphethinile. Anticancer Drug Des 1989;3:249-54.

11. Pettit GR, Singh SB, Hamel E, Lin CM, Alberts DS, Garcia-Kendall D. Isolation and structure of the 
strong cell growth and tubulin inhibitor combretastatin A-4. Experientia 1989;45:209-11.

12. Pettit GR, Singh SB, Niven ML, Hamel E, Schmidt JM. Isolation, structure, and synthesis of 
combretastatins A-1 and B-1, potent new inhibitors of microtubule assembly, derived from Combretum 
caffrum. J Nat Prod 1987;50:119-31.

13. Pettit GR, Temple C, Jr., Narayanan VL, Varma R, Simpson MJ, Boyd MR, et al. Antineoplastic agents 
322. synthesis of combretastatin A-4 prodrugs. Anticancer Drug Des 1995;10:299-309.

14. Pettit GR, Lippert JW, III. Antineoplastic agents 429. Syntheses of the combretastatin A-1 and 
combretastatin B-1 prodrugs. Anticancer Drug Des 2000;15:203-16.

15. Hua J, Sheng Y, Pinney KG, Garner CM, Kane RR, Prezioso JA, et al. Oxi4503, a novel vascular targeting 
agent: effects on blood flow and antitumor activity in comparison to combretastatin A-4 phosphate. 
Anticancer Res 2003;23:1433-40.

16. Thorpe PE, Chaplin DJ, Blakey DC. The first international conference on vascular targeting: meeting 
overview. Cancer Res 2003;63:1144-7.

17. Dowlati A, Robertson K, Cooney M, Petros WP, Stratford M, Jesberger J, et al. A phase I pharmacokinetic 
and translational study of the novel vascular targeting agent combretastatin a-4 phosphate on a single-
dose intravenous schedule in patients with advanced cancer. Cancer Res 2002;62:3408-16.

18. Rustin GJ, Galbraith SM, Anderson H, Stratford M, Folkes LK, Sena L, et al. Phase I clinical trial of weekly 
combretastatin A4 phosphate: clinical and pharmacokinetic results. J Clin Oncol 2003;21:2815-22.

19. Stevenson JP, Rosen M, Sun W, Gallagher M, Haller DG, Vaughn D, et al. Phase I trial of the antivascular 
agent combretastatin A4 phosphate on a 5-day schedule to patients with cancer: magnetic resonance 
imaging evidence for altered tumor blood flow. J Clin Oncol 2003;21:4428-38.

20. Grosios K, Loadman PM, Swaine DJ, Pettit GR, Bibby MC. Combination chemotherapy with 
combretastatin A-4 phosphate and 5-fluorouracil in an experimental murine colon adenocarcinoma. 
Anticancer Res 2000;20:229-33.

21. Horsman MR, Siemann DW. Pathophysiologic effects of vascular-targeting agents and the implications 
for combination with conventional therapies. Cancer Res 2006;66:11520-39.

22. Li L, Rojiani A, Siemann DW. Targeting the tumor vasculature with combretastatin A-4 disodium 
phosphate: effects on radiation therapy. Int J Radiat Oncol Biol Phys 1998;42:899-903.

23. Siemann DW, Shi W. Efficacy of combined antiangiogenic and vascular disrupting agents in treatment 
of solid tumors. Int J Radiat Oncol Biol Phys 2004;60:1233-40.

24. Kanthou C, Tozer GM. Microtubule depolymerizing vascular disrupting agents: novel therapeutic 
agents for oncology and other pathologies. Int J Exp Pathol 2009;90:284-94.

25. Tolcher AW, Forero L, Celio P, Hammond LA, Patnaik A, Hill M, et al. Phase I, pharmacokinetic, and 
DCE-MRI correlative study of AVE8062A, an antivascular analogue, administered weekly for 3 weeks 
every 28 days. Proc Am Soc Clin Oncol 2003;22:834.

2012129 proefschrift Laura van Hussen.indd   123 05-03-13   16:25



chapter 6

124

26. Beerepoot LV, Radema SA, Witteveen EO, Thomas T, Wheeler C, Kempin S, et al. Phase I clinical 
evaluation of weekly administration of the novel vascular-targeting agent, ZD6126, in patients with 
solid tumors. J Clin Oncol 2006;24:1491-8.

27. Hinnen P, Eskens FA. Vascular disrupting agents in clinical development. Br J Cancer 2007;96:1159-65.
28. Tozer GM, Prise VE, Wilson J, Locke RJ, Vojnovic B, Stratford MR, et al. Combretastatin A-4 

phosphate as a tumor vascular-targeting agent: early effects in tumors and normal tissues. Cancer Res 
1999;59:1626-34.

29. Tozer GM, Prise VE, Wilson J, Cemazar M, Shan S, Dewhirst MW, et al. Mechanisms associated 
with tumor vascular shut-down induced by combretastatin A-4 phosphate: intravital microscopy and 
measurement of vascular permeability. Cancer Res 2001;61:6413-22.

30. Galbraith SM, Chaplin DJ, Lee F, Stratford MR, Locke RJ, Vojnovic B, et al. Effects of combretastatin 
A4 phosphate on endothelial cell morphology in vitro and relationship to tumour vascular targeting 
activity in vivo. Anticancer Res 2001;21:93-102.

31. Grosios K, Holwell SE, McGown AT, Pettit GR, Bibby MC. In vivo and in vitro evaluation of combretastatin 
A-4 and its sodium phosphate prodrug. Br J Cancer 1999;81:1318-27.

32. Kanthou C, Tozer GM. The tumor vascular targeting agent combretastatin A-4-phosphate induces 
reorganization of the actin cytoskeleton and early membrane blebbing in human endothelial cells. 
Blood 2002;99:2060-9.

33. Vincent L, Kermani P, Young LM, Cheng J, Zhang F, Shido K, et al. Combretastatin A4 phosphate 
induces rapid regression of tumor neovessels and growth through interference with vascular 
endothelial-cadherin signaling. J Clin Invest 2005;115:2992-3006.

34. Petit I, Karajannis MA, Vincent L, Young L, Butler J, Hooper AT, et al. The microtubule-targeting agent 
CA4P regresses leukemic xenografts by disrupting interaction with vascular cells and mitochondrial-
dependent cell death. Blood 2008;111:1951-61.

35. Folkes LK, Christlieb M, Madej E, Stratford MR, Wardman P. Oxidative metabolism of combretastatin 
A-1 produces quinone intermediates with the potential to bind to nucleophiles and to enhance oxidative 
stress via free radicals. Chem Res Toxicol 2007;20:1885-94.

36. Wang X, Martindale JL, Liu Y, Holbrook NJ. The cellular response to oxidative stress: influences of 
mitogen-activated protein kinase signalling pathways on cell survival. Biochem J 1998;333 ( Pt 2):291-
300.

37. Houle F, Huot J. Dysregulation of the endothelial cellular response to oxidative stress in cancer. Mol 
Carcinog 2006;45:362-7.

38. Tozer GM, Kanthou C, Baguley BC. Disrupting tumour blood vessels. Nat Rev Cancer 2005;5:423-35.
39. Riento K, Ridley AJ. Rocks: multifunctional kinases in cell behaviour. Nat Rev Mol Cell Biol 2003;4:446-

56.
40. Blakey DC, Westwood FR, Walker M, Hughes GD, Davis PD, Ashton SE, et al. Antitumor activity of the 

novel vascular targeting agent ZD6126 in a panel of tumor models. Clin Cancer Res 2002;8:1974-83.
41. Prise VE, Honess DJ, Stratford MR, Wilson J, Tozer GM. The vascular response of tumor and normal 

tissues in the rat to the vascular targeting agent, combretastatin A-4-phosphate, at clinically relevant 
doses. Int J Oncol 2002;21:717-26.

42. Parkins CS, Holder AL, Hill SA, Chaplin DJ, Tozer GM. Determinants of anti-vascular action by 
combretastatin A-4 phosphate: role of nitric oxide. Br J Cancer 2000;83:811-6.

43. Brooks AC, Kanthou C, Cook IH, Tozer GM, Barber PR, Vojnovic B, et al. The vascular targeting agent 
combretastatin A-4-phosphate induces neutrophil recruitment to endothelial cells in vitro. Anticancer 
Res 2003;23:3199-206.

44. Ahmed B, van Eijk LI, Bouma-Ter Steege JC, van der Schaft DW, Van Esch AM, Joosten-Achjanie SR, 
et al. Vascular targeting effect of combretastatin A-4 phosphate dominates the inherent angiogenesis 
inhibitory activity. Int J Cancer 2003;105:20-5.

45. Griggs J, Hesketh R, Smith GA, Brindle KM, Metcalfe JC, Thomas GA, et al. Combretastatin-A4 
disrupts neovascular development in non-neoplastic tissue. Br J Cancer 2001;84:832-5.

46. Pasquier E, Honore S, Braguer D. Microtubule-targeting agents in angiogenesis: where do we stand? 
Drug Resist Updat 2006;9:74-86.

47. Kanthou C, Greco O, Stratford A, Cook I, Knight R, Benzakour O, et al. The tubulin-binding agent 
combretastatin A-4-phosphate arrests endothelial cells in mitosis and induces mitotic cell death. Am J 
Pathol 2004;165:1401-11.

48. Iyer S, Chaplin DJ, Rosenthal DS, Boulares AH, Li LY, Smulson ME. Induction of apoptosis in proliferating 
human endothelial cells by the tumor-specific antiangiogenesis agent combretastatin A-4. Cancer Res 
1998;58:4510-4.

2012129 proefschrift Laura van Hussen.indd   124 05-03-13   16:25



Vascular Disrupting agents (VDas) in anticancer therapy

125

6

49. Eberhard A, Kahlert S, Goede V, Hemmerlein B, Plate KH, Augustin HG. Heterogeneity of angiogenesis 
and blood vessel maturation in human tumors: implications for antiangiogenic tumor therapies. Cancer 
Res 2000;60:1388-93.

50. Less JR, Skalak TC, Sevick EM, Jain RK. Microvascular architecture in a mammary carcinoma: 
branching patterns and vessel dimensions. Cancer Res 1991;51:265-73.

51. Baluk P, Morikawa S, Haskell A, Mancuso M, McDonald DM. Abnormalities of basement membrane 
on blood vessels and endothelial sprouts in tumors. Am J Pathol 2003;163:1801-15.

52. Hashizume H, Baluk P, Morikawa S, McLean JW, Thurston G, Roberge S, et al. Openings between 
defective endothelial cells explain tumor vessel leakiness. Am J Pathol 2000;156:1363-80.

53. Eberhard A, Kahlert S, Goede V, Hemmerlein B, Plate KH, Augustin HG. Heterogeneity of angiogenesis 
and blood vessel maturation in human tumors: implications for antiangiogenic tumor therapies. Cancer 
Res 2000;60:1388-93.

54. Nabha SM, Wall NR, Mohammad RM, Pettit GR, Al Katib AM. Effects of combretastatin A-4 prodrug 
against a panel of malignant human B-lymphoid cell lines. Anticancer Drugs 2000;11:385-92.

55. Nabha SM, Mohammad RM, Wall NR, Dutcher JA, Salkini BM, Pettit GR, et al. Evaluation of 
combretastatin A-4 prodrug in a non-Hodgkin’s lymphoma xenograft model: preclinical efficacy. 
Anticancer Drugs 2001;12:57-63.

56. Vitale I, Antoccia A, Cenciarelli C, Crateri P, Meschini S, Arancia G, et al. Combretastatin CA-4 and 
combretastatin derivative induce mitotic catastrophe dependent on spindle checkpoint and caspase-3 
activation in non-small cell lung cancer cells. Apoptosis 2007;12:155-66.

57. el Zayat AA, Degen D, Drabek S, Clark GM, Pettit GR, Von Hoff DD. In vitro evaluation of the 
antineoplastic activity of combretastatin A-4, a natural product from Combretum caffrum (arid shrub). 
Anticancer Drugs 1993;4:19-25.

58. Dachs GU, Steele AJ, Coralli C, Kanthou C, Brooks AC, Gunningham SP, et al. Anti-vascular agent 
Combretastatin A-4-P modulates hypoxia inducible factor-1 and gene expression. BMC Cancer 
2006;6:280.

59. Lin HL, Chiou SH, Wu CW, Lin WB, Chen LH, Yang YP, et al. Combretastatin A4-induced differential 
cytotoxicity and reduced metastatic ability by inhibition of AKT function in human gastric cancer cells. 
J Pharmacol Exp Ther 2007;323:365-73.

60. Dziba JM, Marcinek R, Venkataraman G, Robinson JA, Ain KB. Combretastatin A4 phosphate has 
primary antineoplastic activity against human anaplastic thyroid carcinoma cell lines and xenograft 
tumors. Thyroid 2002;12:1063-70.

61. Yeung SC, She M, Yang H, Pan J, Sun L, Chaplin D. Combination chemotherapy including combretastatin 
A4 phosphate and paclitaxel is effective against anaplastic thyroid cancer in a nude mouse xenograft 
model. J Clin Endocrinol Metab 2007;92:2902-9.

62. Mooney CJ, Nagaiah G, Fu P, Wasman JK, Cooney MM, Savvides PS, et al. A phase II trial of 
fosbretabulin in advanced anaplastic thyroid carcinoma and correlation of baseline serum-soluble 
intracellular adhesion molecule-1 with outcome. Thyroid 2009;19:233-40.

63. Hill SA, Chaplin DJ, Lewis G, Tozer GM. Schedule dependence of combretastatin A4 phosphate in 
transplanted and spontaneous tumour models. Int J Cancer 2002;102:70-4.

64. Kim JJ, Tannock IF. Repopulation of cancer cells during therapy: an important cause of treatment 
failure. Nat Rev Cancer 2005;5:516-25.

65. Holash J, Maisonpierre PC, Compton D, Boland P, Alexander CR, Zagzag D, et al. Vessel cooption, 
regression, and growth in tumors mediated by angiopoietins and VEGF. Science 1999;284:1994-8.

66. Siemann DW, Chaplin DJ, Horsman MR. Vascular-targeting therapies for treatment of malignant 
disease. Cancer 2004;100:2491-9.

67. Sheng Y, Hua J, Pinney KG, Garner CM, Kane RR, Prezioso JA, et al. Combretastatin family member 
OXI4503 induces tumor vascular collapse through the induction of endothelial apoptosis. Int J Cancer 
2004;111:604-10.

68. Shaked Y, Tang T, Woloszynek J, Daenen LG, Man S, Xu P, et al. Contribution of granulocyte colony-
stimulating factor to the acute mobilization of endothelial precursor cells by vascular disrupting agents. 
Cancer Res 2009;69:7524-8.

69. Shweiki D, Itin A, Soffer D, Keshet E. Vascular endothelial growth factor induced by hypoxia may 
mediate hypoxia-initiated angiogenesis. Nature 1992;359:843-5.

70. Siemann DW, Shi W. Dual targeting of tumor vasculature: combining Avastin and vascular disrupting 
agents (CA4P or OXi4503). Anticancer Res 2008;28:2027-31.

71. Shi W, Siemann DW. Targeting the tumor vasculature: enhancing antitumor efficacy through 
combination treatment with ZD6126 and ZD6474. In Vivo 2005;19:1045-50.

2012129 proefschrift Laura van Hussen.indd   125 05-03-13   16:25



chapter 6

126

72. Shaked Y, Ciarrocchi A, Franco M, Lee CR, Man S, Cheung AM, et al. Therapy-induced acute recruitment 
of circulating endothelial progenitor cells to tumors. Science 2006;313:1785-7.

73. Farace F, Massard C, Borghi E, Bidart JM, Soria JC. Vascular disrupting therapy-induced mobilization of 
circulating endothelial progenitor cells. Ann Oncol 2007;18:1421-2.

74. Nathan PD, Judson I, Padhani A, Harris A, Carden CP, Smythe J, et al. A phase I study of combretastatin 
A4 phosphate (CA4P) and bevacizumab in subjects with advanced solid tumors. J Clin Oncol 26 
suppl[May 20 suppl], ASCO Abstract 3550. 20-5-2008. Ref Type: Abstract

75. Hanahan D, Bergers G, Bergsland E. Less is more, regularly: metronomic dosing of cytotoxic drugs can 
target tumor angiogenesis in mice. J Clin Invest 2000;105:1045-7.

76. Shaked Y, Emmenegger U, Man S, Cervi D, Bertolini F, Ben David Y, et al. Optimal biologic dose 
of metronomic chemotherapy regimens is associated with maximum antiangiogenic activity. Blood 
2005;106:3058-61.

77. Bertolini F, Paul S, Mancuso P, Monestiroli S, Gobbi A, Shaked Y, et al. Maximum tolerable dose 
and low-dose metronomic chemotherapy have opposite effects on the mobilization and viability of 
circulating endothelial progenitor cells. Cancer Res 2003;63:4342-6.

78. Daenen LG, Shaked Y, Man S, Xu P, Voest EE, Hoffman RM, et al. Low-dose metronomic 
cyclophosphamide combined with vascular disrupting therapy induces potent antitumor activity in 
preclinical human tumor xenograft models. Mol Cancer Ther 2009;8:2872-81.

79. De PM, Venneri MA, Galli R, Sergi SL, Politi LS, Sampaolesi M, et al. Tie2 identifies a hematopoietic 
lineage of proangiogenic monocytes required for tumor vessel formation and a mesenchymal 
population of pericyte progenitors. Cancer Cell 2005;8:211-26.

80. Jin DK, Shido K, Kopp HG, Petit I, Shmelkov SV, Young LM, et al. Cytokine-mediated deployment of SDF-
1 induces revascularization through recruitment of CXCR4+ hemangiocytes. Nat Med 2006;12:557-67.

81. Mantovani A, Bottazzi B, Colotta F, Sozzani S, Ruco L. The origin and function of tumor-associated 
macrophages. Immunol Today 1992;13:265-70.

82. Ribatti D, Nico B, Crivellato E, Vacca A. Macrophages and tumor angiogenesis. Leukemia 2007;21:2085-9.
83. Nelkin BD, Ball DW. Combretastatin A-4 and doxorubicin combination treatment is effective in a 

preclinical model of human medullary thyroid carcinoma. Oncol Rep 2001;8:157-60.
84. Morinaga Y, Suga Y, Ehara S, Harada K, Nihei Y, Suzuki M. Combination effect of AC-7700, a novel 

combretastatin A-4 derivative, and cisplatin against murine and human tumors in vivo. Cancer Sci 
2003;94:200-4.

85. Giavazzi R, Bani MR, Taraboletti G. Tumor-host interaction in the optimization of paclitaxel-based 
combination therapies with vascular targeting compounds. Cancer Metastasis Rev 2007;26:481-8.

86. Martinelli M, Bonezzi K, Riccardi E, Kuhn E, Frapolli R, Zucchetti M, et al. Sequence dependent 
antitumour efficacy of the vascular disrupting agent ZD6126 in combination with paclitaxel. Br J Cancer 
2007;97:888-94.

87. Shaked Y, Henke E, Roodhart JM, Mancuso P, Langenberg MH, Colleoni M, et al. Rapid chemotherapy-
induced acute endothelial progenitor cell mobilization: implications for antiangiogenic drugs as 
chemosensitizing agents. Cancer Cell 2008;14:263-73.

88. Horsman MR, Murata R, Breidahl T, Nielsen FU, Maxwell RJ, Stodkiled-Jorgensen H, et al. 
Combretastatins novel vascular targeting drugs for improving anti-cancer therapy. Combretastatins 
and conventional therapy. Adv Exp Med Biol 2000;476:311-23.

89. Thorpe PE. Vascular targeting agents as cancer therapeutics. Clin Cancer Res 2004;10:415-27.
90. Anderson H, Price P, Blomley M, Leach MO, Workman P. Measuring changes in human tumour 

vasculature in response to therapy using functional imaging techniques. Br J Cancer 2001;85:1085-93.
91. Galbraith SM, Maxwell RJ, Lodge MA, Tozer GM, Wilson J, Taylor NJ, et al. Combretastatin A4 

phosphate has tumor antivascular activity in rat and man as demonstrated by dynamic magnetic 
resonance imaging. J Clin Oncol 2003;21:2831-42.

92. Anderson H, Yap J, Price P. Measurement of tumour and normal tissue (NT) perfusion by positron 
emission tomography (PET) in the evaluation of antivascular therapy: results in the Phase I study of 
combretastatin A4 phosphate (CA4P). Proc Am Soc Clin Oncol 2000;695.

93. Goertz DE, Yu JL, Kerbel RS, Burns PN, Foster FS. High-frequency Doppler ultrasound monitors the 
effects of antivascular therapy on tumor blood flow. Cancer Res 2002;62:6371-5.

94. Maxwell RJ, Nielsen FU, Breidahl T, Stodkilde-Jorgensen H, Horsman MR. Effects of combretastatin 
on murine tumours monitored by 31P MRS, 1H MRS and 1H MRI. Int J Radiat Oncol Biol Phys 
1998;42:891-4.

95. Beauregard DA, Thelwall PE, Chaplin DJ, Hill SA, Adams GE, Brindle KM. Magnetic resonance imaging 
and spectroscopy of combretastatin A4 prodrug-induced disruption of tumour perfusion and energetic 
status. Br J Cancer 1998;77:1761-7.

2012129 proefschrift Laura van Hussen.indd   126 05-03-13   16:25



Vascular Disrupting agents (VDas) in anticancer therapy

127

6

96. Pedley RB, El Emir E, Flynn AA, Boxer GM, Dearling J, Raleigh JA, et al. Synergy between vascular 
targeting agents and antibody-directed therapy. Int J Radiat Oncol Biol Phys 2002;54:1524-31.

97. Tozer GM, Prise VE, Lewis G, Xie S, Wilson I, Hill SA. Nitric oxide synthase inhibition enhances the 
tumor vascular-damaging effects of combretastatin a-4 3-o-phosphate at clinically relevant doses. Clin 
Cancer Res 2009;15:3781-90.

98. Hokland SL, Horsman MR. The new vascular disrupting agent combretastatin-A1-disodium-phosphate 
(OXi4503) enhances tumour response to mild hyperthermia and thermoradiosensitization. Int J 
Hyperthermia 2007;23:599-606.

99. Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev Cancer 2003;3:721-32.
100. Koh MY, Spivak-Kroizman TR, Powis G. Inhibiting the hypoxia response for cancer therapy: the new kid 

on the block. Clin Cancer Res 2009;15:5945-6.
101. Harris AL. Hypoxia - a key regulatory factor in tumour growth. Nat Rev Cancer 2002;2:38-47.
102. Brown JM. Tumor hypoxia in cancer therapy. Methods Enzymol 2007;435:297-321.
103. El Emir E, Boxer GM, Petrie IA, Boden RW, Dearling JL, Begent RH, et al. Tumour parameters affected 

by combretastatin A-4 phosphate therapy in a human colorectal xenograft model in nude mice. Eur J 
Cancer 2005;41:799-806.

104. Brown JM, Wilson WR. Exploiting tumour hypoxia in cancer treatment. Nat Rev Cancer 2004;4:437-47.

2012129 proefschrift Laura van Hussen.indd   127 05-03-13   16:25



1 Department of Medical Oncology, University Medical Centre Utrecht, Utrecht, The Netherlands.

2 Molecular and Cell Biology Research, Sunnybrook Health Sciences Centre, University of Toronto, 

Ontario, Canada.

3 Department of Molecular Pharmacology, Rappaport Faculty of Medicine, Technion - Israel Insti-

tute of Technology, Haifa, Israel

4 AntiCancer, Inc., San Diego, USA.

5 OXigene, Inc., Boston, USA

Laura G.M. Daenen1

Yuval Shaked3

Shan Man2

Ping Xu2

Emile E. Voest1

Robert M. Hoffman4

David Chaplin5

Robert S. Kerbel2

Molecular Cancer Therapeutics 2009 Oct;8(10):2872-81

cHapteR 7

2012129 proefschrift Laura van Hussen.indd   128 05-03-13   16:25



LoW-dose MetRonoMic 
cycLopHospHaMide 

coMBined WitH VascuLaR 
disRuptinG tHeRapy 

induces potent 
antituMoR actiVity  

in pRecLinicaL HuMan 
tuMoR XenoGRaft ModeLs

Molecular Cancer Therapeutics 2009 Oct;8(10):2872-81

2012129 proefschrift Laura van Hussen.indd   129 05-03-13   16:25



chapter 7

130

AbstrACt
 

Purpose
Vascular disrupting agents (VDAs) preferentially target the established but abnormal tumor 
vasculature, resulting in extensive intratumoral hypoxia and cell death. However, a rim of 
viable tumor tissue remains from which angiogenesis-dependent regrowth can occur, in 
part via mobilization and tumor colonization of circulating endothelial progenitor cells (CEPs). 
Co-treatment with an agent that blocks CEPs, such as VEGF-pathway targeting biologic 
antiangiogenic drugs, results in enhanced antitumor efficacy. We asked whether an 
alternative therapeutic modality – low-dose metronomic (LDM) chemotherapy – could 
achieve the same result, given its CEP targeting effects.

Experimental Design
We studied the combination of the VDA OXi-4503 with daily administration of CEP-inhibiting, 
low-dose metronomic (LDM) cyclophosphamide to treat primary orthotopic tumors using 
the 231/LM2-4 breast cancer cell line and MeWo melanoma cell line. In addition, CEP 
mobilization and various tumor characteristics were assessed.

Results
We found that daily oral LDM cyclophosphamide was capable of preventing the CEP spike 
and tumor colonization induced by OXi-4503; this was associated with a decrease in the 
tumor rim and marked suppression of primary 231/LM2-4 growth in nude as well as SCID 
mice. Similar results were found in MeWo-bearing nude mice. The delay in tumor growth 
was accompanied by significant decreases in micro-vessel density, perfusion and 
proliferation, and a significant increase in tumor cell apoptosis. No overt toxicity was 
observed.

Conclusions
The combination of OXi-4503 and metronomic chemotherapy results in prolonged tumor 
control, thereby expanding the list of therapeutic agents that can be successfully integrated 
with metronomic low-dose chemotherapy. 
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IntrodUCtIon

Angiogenesis, the growth of new blood vessels from existing mature vasculature, has 
been shown to be an important functional target in experimental and clinical oncology. 
Following the 2004 FDA approval of bevacizumab, a humanized monoclonal antibody 
directed against vascular endothelial growth factor (VEGF), for the treatment of metastatic 
colorectal cancer [1] and subsequently non small cell lung cancer and breast cancer, many 
other antiangiogenic drugs have been studied in phase I/II/III trials, some of which have 
been approved for clinical practice [2]. Two small molecule receptor tyrosine kinase inhibitors 
(RTKIs), sunitinib and sorafenib, are used as single agents in the treatment of advanced 
renal cell carcinoma [2,3,4]. Sorafenib monotherapy has shown benefit in hepatocellular 
carcinoma as well [2,5]. Both drugs target VEGF receptors and PDGF receptors, among other 
receptor tyrosine kinases.
Vascular disrupting agents (VDAs) represent a relatively novel class of vascular targeting 
drugs that specifically target the established but abnormal tumor vasculature. A subset of 
these drugs, the Combretastatin family, including Combretastatin A-4 phosphate (CA4P) 
and its second generation prodrug derivative OXi-4503 (CA1P), bind preferentially to 
endothelial cell associated tubulin, inducing rapid microtubular depolymerization and 
vascular shutdown in solid tumors. Severe tumor hypoxia subsequently ensues, followed 
by extensive intra-tumoral necrosis. However, rapid tumor regrowth occurs from a rim of 
remaining viable tissue at the leading edge of the tumor [6]. Considerable effort has therefore 
been made to interfere with this particular tumor repopulation phenomenon by combining 
VDAs with other anticancer agents that preferentially target the well-oxygenated, angiogenic 
and proliferative tumor cell rim. Multiple strategies have been tested preclinically, e.g. VDAs 
combined with radiation therapy [7] or maximum tolerated dose (MTD), conventional 
chemotherapy [8].
A prime example of a strategy that effectively enhances the antitumor activity of a VDA in 
a complementary manner is through combination with an antiangiogenic agent. Addition 
of a potent inhibitor of VEGF receptor 2–associated tyrosine kinase, ZD6474, to vascular 
disrupting agent ZD6126 resulted in a significantly enhanced tumor growth delay and 
tumor-free survival in mouse models of renal cell carcinoma and Kaposi sarcoma [9]. 
Combining bevacizumab, the anti-VEGF antibody, with CA4P showed similar effects [10]. A 
mechanistic rationale for the prolonged suppression of tumor growth using such drug 
combinations was recently provided by the results of studies from our lab. We have shown 
that mobilization into the bloodstream of bone marrow (BM)-derived CEPs, and possibly 
other types of BM-derived cells (BMDCs), takes place rapidly, within 4 hours, after treatment 
with OXi-4503 or CA4P. These cells subsequently invade and colonize the viable tumor rim, 
where they are incorporated into growing vessels and thus contribute to tumor regrowth. 
Administration of the antiangiogenic drug DC101, a rat monoclonal antibody blocking the 
mouse VEGF receptor 2, just prior to OXi-4503 can inhibit the acute elevation of CEP levels, 
thereby blunting regrowth from the viable tumor rim and even causing tumor shrinkage 

[11]. Also of interest, we have recently found that EPC mobilization and the subsequent 
antitumor benefit gained by co-treatment with DC101 is not limited to VDAs, but is also 
observed when certain chemotherapeutics (eg taxanes) are administered at their MTD, 
implicating the clear possibility that this phenomenon might be more widely applicable [12]. 
Preliminary clinical studies have revealed results that appear to support, at least tentatively, 
our preclinical results with OXi-4503. Elevated levels of circulating bone marrow-derived 
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CD133+ cells and CD34+ cells were found in cancer patients within 4 hours to days after 
treatment with a VDA [13], implying that there might be a clinical rationale for the combination 
of a VDA with an agent that targets systemic BMDC-mediated vasculogenesis/angiogenesis, 
such as bevacizumab. 
The concept of ‘metronomic’ chemotherapy [14], i.e. the frequent administration of 
chemotherapeutic agents at doses well below the maximum tolerated dose (MTD) with 
no prolonged drug-free breaks, has been shown to induce antiangiogenic effects [15]. 
Moreover, such drugs, including cyclophosphamide, are able to suppress circulating 
endothelial (progenitor) cell levels when administered metronomically [16]. This suggests 
metronomic chemotherapy could be a rational treatment for suppressing the regrowth of 
the viable tumor rim that remains after VDA treatment. There are several circumstances 
in which LDM chemotherapy could have an advantage over the use of drugs such as 
bevacizumab when combined with VDA therapy, e.g. when patients may be intrinsically 
resistant to the antiangiogenic agent or acquire resistance to it. Reduced costs when using 
a drug such as cyclophosphamide may be another [17], as is the safety profile of LDM 
cyclophosphamide [18,19].
Here we show that the combination of OXi-4503 with low-dose metronomic 
cyclophosphamide is highly effective and safe in the treatment of primary orthotopic human 
breast carcinoma and melanoma transplanted xenografts. Robust increases in tumor 
necrosis and apoptosis were observed, which were accompanied by decreases in 
microvessel density (MVD), perfusion and proliferation. The viable rim that normally remains 
after VDA monotherapy was found to be smaller, which was accompanied by a decrease 
of BMDCs homing to the tumor. 

resULts

The combination of OXi-4503 with metronomic cyclophosphamide inhibits 
the CEP spike induced by OXi-4503
The administration of LDM cyclophosphamide suppresses levels of CEPs in peripheral 
blood of human tumor-bearing mice, i.e. lymphoma-bearing mice [16] and melanoma-bearing 
mice [20] even within one week of daily treatment [16]. We asked whether the acute elevation 
in CEPs found 4 hours after administration of OXi-4503 can be inhibited by prior treatment 
with LDM cyclophosphamide. We reasoned that in order to prevent this rapidly-induced 
EPC spike, CEP levels had to be suppressed by LDM cyclophosphamide at the time of 
administration of OXi-4503. Therefore, we evaluated whether 6 days of daily metronomic 
cyclophosphamide administered continuously through the drinking water [21] was sufficient 
to suppress CEP levels. Consistent with previously published results we found that it did 
so (data not shown). Next, nude mice were treated with daily low-dose cyclophosphamide 
for 6 days via the drinking water at an initial dose of 20 mg/kg/day, at which time OXi-4503 
was administered intraperitoneally in a non-toxic dose of 50 mg/kg. Analysis of viable 
CEPs after 4 hours showed that treatment with OXi-4503 increases CEP levels in the 
peripheral blood (p<0.001; Figure 1), in accordance with previous studies [11]. However, 
pre-treatment with metronomic cyclophosphamide is capable of significantly lowering the 
number of viable CEPs (p=0.002) to a level approaching that in the cyclophosphamide 
monotherapy control group (p>0.05 compared to control mice). In non-tumor bearing nude 
mice, however, cyclophosphamide alone did not significantly suppress CEP levels 

2012129 proefschrift Laura van Hussen.indd   132 05-03-13   16:25



Vascular Disrupting agents with MetronoMic cheMotherapy

133

7

compared to control, which can be attributed to the extremely low CEP levels in untreated 
nude mice [22] (Figure 1). A similar inhibiting effect of the combination treatment on CEPs 
was found in different mouse strains, such as C57Bl/6J, treated with LDM 
cyclophosphamide and OXi-4503 (data not shown).

The combination of OXi-4503 with metronomic cyclophosphamide delays 
primary tumor growth without overt toxicity
Next, we asked whether the CEP suppression that is observed in the combination treatment 
is associated with a delay in primary tumor growth. To this end, nude mice were 
orthotopically implanted with a previously selected aggressive variant of the MDA-MB-231 
human breast cancer cell line called 231/LM2-4 [23]. When the primary tumors had reached 
an average size of 400 mm3, treatment with low-dose cyclophosphamide was started, 6 
days after which biweekly injections with OXi-4503 were initiated. In untreated control 
mice rapid tumor growth was observed, reaching the tumor endpoint as early as 34 days 
after tumor cell implantation (Figure 2A). Metronomic cyclophosphamide alone only resulted 
in a small delay of tumor growth in this model. OXi-4503 monotherapy showed considerable 
benefit in suppressing tumor growth, but the initial reduction in tumor volume was followed 
by significant regrowth within 4 weeks of treatment with OXi-4503, when compared to 
the tumor size at time of initiation of therapy (p=0.037 from day 55 on, paired t-test). In 
contrast, the combination of cyclical OXi-4503 and continuous daily metronomic 
cyclophosphamide showed a striking antitumor activity with no significant signs of regrowth 
during the first four weeks of therapy (p>0.1 n.s., paired t-test), resulting in a significant 
benefit over OXi-4503 monotherapy after 34 days (p=0.028, unpaired t-test), 55 days 
(p=0.030, unpaired t-test) and 62 days (p=0.025, unpaired t-test). Moreover, when 
combination treatment was administered, tumor control was achieved during a prolonged 
period of time (data not shown). No overt toxicity was observed in comparison to OXi-4503 
alone, as measured by regular assessments of body weight (Figure 2B). 

Comparable effects of the combination of OXi-4503 and cyclophosphamide 
in different tumor and mice models 
The effect of our treatment on tumor growth was subsequently analyzed in CD17 SCID 
mice. Similar treatment effects were seen. LDM cyclophosphamide monotherapy only 
delayed tumor growth by a few days (Figure 2C), whereas OXi-4503 monotherapy was 
again associated with initial tumor control followed by potent regrowth within two treatment 
cycles (p<0.04 from day 39 on, paired t-test). OXi-4503 treated mice had to be sacrificed 
23 days after tumor implantation, because the tumor endpoint was reached. When OXi-
4503 was combined with metronomic cyclophosphamide, a prolonged antitumor effect 
was seen, even resulting in significant tumor size reduction (Figure 2C; p<0.05 on day 29, 
34, 39, 47 and 61, paired t-test). From day 39 on, there is a significant difference between 
both treatments (p<0.01). A similar trend, albeit less significant, was found when another 
tumor cell line (MeWo human melanoma) was implanted orthotopically in nude mice and 
treated according to the same schedule (Figure 2D).

Combination of OXi-4503 and metronomic cyclophosphamide increases 
tumor hypoxia, necrosis and apoptosis, while decreasing microvessel density 
and proliferation 
To further characterize the antitumor effect of the combination treatment, 231/LM2-4 
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Figure 2 Evaluation of antitumor effect and body weight in mice treated with metronomic 
cyclophosphamide (CTX), OXi-4503 (OXi) or a combination of both drugs. (A) Tumor volume of 
nude mice (n=5 per group) othotopically implanted with 231/LM2-4 cells, treated with CTX and OXi-
4503. (B) Body weight of nude mice bearing 231/LM2-4 tumors treated with CTX and OXi-4503 (n=5 
per group). (C) Tumor volume of CB-17 SCID mice (n=5 per group) orthotopically implanted with 231/
LM2-4 cells, treated with CTX and OXi-4503. (D) Nude mice (n=4 per group) subdermally implanted with 
MeWo cells, treated with CTX and OXi-4503.Grey arrows, start continuous CTX administration; black 
arrows, OXi-4503 administration. All error bars + SD. CTX + OXi-4503 values are compared to OXi-4503 
alone. * 0.01 < p < 0.05 ; ** p < 0.01 using student’s t-test two-tailed unpaired.

Figure 1  Evaluation of viable CEP levels in mice treated with metronomic cyclophosphamide (CTX), OXi-
4503 (OXi) or a combination of both drugs. Non-tumor-bearing nude mice (n=5 per group) were 
treated with LDM cyclophosphamide (CTX). and OXi-4503. Untreated mice and mice treated with either 
of the drugs alone were used as controls. 4 hours after OXi-4503 administration, blood was drawn for 
the evaluation of viable CEPs using five color flow cytometry. Error bars + SD; * 0.01 < p < 0.05; ** p < 
0.01 using student’s t-test unpaired. Values are compared to control mice, unless indicated otherwise.
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tumors were grown in nude mice and treated when tumor size reached 400 mm3.  
Three days after administration of OXi-4503, tumors were removed for immuno-
histochemistry to assess microvessel density (MVD), perfusion, apoptosis, proliferation 
and necrosis. As shown in figure 3A, both LDM cyclophosphamide and OXi-4503 
monotherapy diminished MVD (both p=0.001), an effect that could be significantly enhanced 
by combining OXi-4503 with LDM cyclophosphamide (p=0.01). Perfusion was unchanged 
in mice treated with OXi-4503 alone (p=0.26), whereas the addition of LDM 
cyclophosphamide significantly lowered tumor perfusion (Figure 3A right panel, p=0.046). 
This was accompanied by significant increases in tumor cell apoptosis as measured by 
TUNEL assay (Figure 3B, left panel, p=0.043), and decreases in proliferation rates as 
measured by Ki-67 staining (Figure 3B, right panel, p=0.047). Since the 231/LM2-4 tumors 
show some necrosis even when untreated, the increases in necrosis after OXi-4503 
treatment were modest compared to previously studied tumor models (e.g. Lewis Lung 
Carcinoma in C57Bl/6 mice or MeWo human melanoma model in athymic nude mice [11]), 
but nevertheless a clear trend towards increased level of necrosis was observed when the 
two treatments were combined (Figure 3C; p=0.002 as compared to control). As shown 
in Figure 3C, the viable rim, even though present, was considerably reduced after addition 
of cyclophosphamide to OXi-4503.

Combination of OXi-4503 and metronomic cyclophosphamide is capable of 
diminishing homing of GFP+ bone marrow cells to tumors
Since we have previously reported that the administration of the mouse anti-VEGFR-2 
monoclonal antibody DC101 24 hours prior to OXi-4503 improves antitumor activity, at 
least in part, by blocking the mobilization and subsequent homing of CEPs and possibly 
other BMDCs to the viable tumor rim [11], we analyzed whether pre-treatment with LDM 
cyclophosphamide also causes these same effects. Hence, 231/LM2-4 tumors were 
implanted into nude mice that had previously been lethally irradiated and transplanted with 
GFP-tagged bone marrow from GFP-positive nude donor mice [24]. Once again, tumors were 
allowed to reach 400 mm3 before treatment was initiated. Analysis of the tumors by 
immunohistochemistry indeed revealed a significant increase in the number of bone 
marrow cells homing to the viable rim in mice treated with OXi-4503 alone (Figure 4A, 
p<0.001). The co-treatment with LDM cyclophosphamide resulted in a significant decrease 
of BMDCs homing to the tumor (p<0.001 compared to OXi-4503 alone). Furthermore, to 
confirm these results, FACS analysis was performed on single cell suspensions prepared 
by enzymatic digestion of portions of the tumors (Figure 4B, left panel). Staining of these 
cells with antibodies against CD45, CD31 and VEGFR-2 showed a decrease in GFP+ ECs 
(‘CEPs’) homing to the tumor (Figure 4B, right panel). However, analysis of both 
immunohistochemistry and FACS data revealed that the incorporation of GFP+ cells - 
including CEPs - was not completely blocked in the combination group, which corresponds 
with the small remaining viable rim (Figure 3C). One explanation for this is our finding that 
LDM cyclophosphamide is unable to completely block CEP mobilization (Figure 1A). Post-
treatment levels in peripheral blood and tumors are comparable to control levels, unlike 
DC101 which almost completely inhibits CEP mobilization, thereby causing the viable tumor 
rim to disappear. 
Our results suggest that the effects of the combination of OXi-4503 and cyclophosphamide 
can inhibit systemic angiogenesis/vasculogenesis to an extent sufficient to significantly 
improve the effect of OXi-4503 when treating primary tumors. 
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Figure 3  Analysis of MVD, perfusion, necrosis, tumor cell proliferation and apoptosis in tumors grown 
in nude mice after treatment with cyclophosphamide (CTX) and OXi-4503 (OXi). 231/LM2-4 
bearing nude mice (400 mm3) were treated with LDM CTX and OXi-4503. Three days after OXi-4503 
administration, tumors were harvested and sections were prepared for the assessment of (A) MVD in 
red and perfusion in blue, scale bar 50 μm; (B) tumor cell proliferation in red and apoptosis in green, 
scale bar 50 μm; (C) necrosis in green on H&E staining, scale bar 100 μm. Error bars + SD. Values are 
compared to untreated mice, unless indicated otherwise. * 0.01 < p < 0.05; ** p < 0.01 using student’s 
t-test two-tailed unpaired.
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dIsCUssIon

In this study we analyzed a new combinatorial treatment strategy using two mouse strains 
and two different tumor models. We report that combining a potent VDA (OXi-4503) with 
metronomic chemotherapy using cyclophosphamide led to an inhibition of the OXi-4503 
induced CEP spike, which was accompanied by a marked growth inhibition of primary 
orthotopically transplanted 231/LM2-4 in nude mice, compared to OXi-4503 treatment 
alone. Comparable results were obtained in 231/LM2-4-bearing SCID mice and in MeWo- 
bearing nude mice. Our results thus expand the list of biologic therapeutic agents which 
can be combined successfully with LDM chemotherapy based on both preclinical studies 
and recent or ongoing phase II clinical trials. With respect to preclinical studies some 
notable examples include anti-VEGFR-2 monoclonal antibodies [25], TNP-470 [26], sunitinib [27], 
tumor vaccines/immunotherapy [28], and trastuzumab [29], among others [15, 30].  

Figure 4 Homing of GFP+ bone marrow-derived cells to tumors. Lethally irradiated nude mice were 
reconstituted with GFP+ bone marrow and 4 weeks later 231/LM2-4 cells were orthotopically 
implanted. CTX and OXi-4503 therapy was initiated when tumor volumes reached 400 mm3. Three 
days after OXi-4503 administration, tumors were removed and GFP+ cells homing to the tumors were 
analyzed on prepared sections (A), Scale bars, 50 μm; Parts of the tumors analyzed for the presence 
of GFP+ cells by flow cytometry (B, left panel). These tumor cells were strained with CD45, CD31 and 
VEGFR2 to analyze bone marrow-derived GFP+ ECs by flow cytometry (‘CEPs’ – B, right panel). Error 
bars + SD. Values are compared to untreated mice, unless indicated otherwise. * 0.01 < p < 0.05; ** p 
< 0.01 using student’s t-test two-tailed unpaired.
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With respect to clinical trials, various LDM chemotherapy regimens have been evaluated 
in phase II clinical trials in combination with biologic agents such as bevacizumab [18, 19], 
aromatase inhibitors, e.g. letrozole [31] and COX-2 inhibitors, e.g. celecoxib [32]. Almost 40 
ongoing or completed trials currently listed in the website www.clinicaltrials.gov also show 
the diversity of biologic agents, being tested in a variety of indications in combination with 
a number of different LDM chemotherapy drugs and protocols; many of these trials involve 
LDM cyclophosphamide or LDM cyclophosphamide with methotrexate [33, 34].
Because our results suggest a potential new role for low-dose metronomic chemotherapy, 
i.e., as part of a combination therapy with a VDA, they also implicate an alternative for the 
combination of a VDA with an antiangiogenic drug, such as bevacizumab. Combining VDAs 
with drugs targeting angiogenesis is a rational step, since the regrowth from the viable rim 
that remains after VDA therapy is driven by angiogenesis. Indeed, preclinical studies 
combining a VDA with a drug targeting the VEGF pathway have shown that the viable rim 
almost entirely disappears when the antiangiogenic drug is added, resulting in more potent 
antitumor effects [11]. Furthermore, VDAs have been shown to cause a direct upregulation 
of VEGF [35], which could be host-derived as well as tumor-dependent, i.e., a consequence 
of the marked increase in intratumoral hypoxia induced by VDA treatment; this increased 
level of VEGF would be rendered ineffective as a proangiogenic effect by treatments which 
specifically block VEGF pathway function. 
However, there are some potential concerns regarding the use of a VDA with such a 
VEGF(R)-targeting agent. One is the high, if not excessive, potential costs that would be 
associated with a treatment involving two such biological anti-cancer agents [36]. In addition, 
such combinations may exacerbate vascular-associated toxicities that are common to both 
drugs, such as hypertension or adverse cardiovascular events [37, 38]. Even though the 
ongoing phase II trial evaluating the VDA CA4P with bevacizumab has thus far shown 
surprisingly mild side effects [13], only a limited amount of patients have been treated, and 
it remains to be determined whether larger randomized phase II or III trials will confirm 
this result. Finally, a third concern is that resistance may develop rapidly to a targeted 
antiangiogenic drug targeting a single proangiogenic pathway, as a result of tumors 
producing multiple compensatory proangiogenic growth factors [39]. In this regard, when 
combined with a VDA, metronomic chemotherapy could conceivably have several benefits 
over targeted antiangiogenic agents, at least in theory. Importantly, the use of off-patent 
drugs such as cyclophosphamide would reduce costs significantly; low-dose metronomic 
cyclophosphamide at a dose of 50 mg per day costs about USD 10 per month [17]. 
Furthermore, it has the benefit of oral administration and because of its favorable toxicity 
profile it is less likely to cause potential synergistic serious toxicities when combined with 
a VDA. Finally, with respect to the issue of acquired resistance to targeted antiangiogenic 
drugs, as discussed above, including bevacizumab [39], there will be a need for second line 
drugs to be used in combination with a VDA; metronomic chemotherapy could potentially 
fulfill such a role.
CEP levels can be used as a surrogate marker for angiogenic activity in mice [22]. In a clinical 
setting, levels of both CEPs and mature circulating endothelial cells (CECs) are increased 
in the blood of cancer patients and correlate with angiogenesis and tumor volume, therefore 
potentially serving as a biomarker to determine progressive disease, prognosis and 
response to therapy [40]. In addition to mobilizing CEPs, other bone marrow derived cells 
might be induced by VDAs such as Tie-2 expressing monocytes (TEMs), CD11b+Gr1+ 
myeloid cells, mesenchymal stem cells (MSCs) and VEGFR1+ hematopoietic progenitor 
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cells (HPCs) [41]. Co-recruitment of VEGFR-1+ HPCs together with CEPs has been shown 
to stabilize tumor vasculature and facilitate CEP incorporation [42]. Interestingly, in this regard 
we have recently found that OXi-4503 not only mobilizes VEGFR2+ CEPs, but also leads 
to a rise in circulating bone marrow-derived VEGFR1+ HPCs (Y. Shaked, unpublished 
observations). Prolonged repetitive exposure to a low dose of cyclophosphamide appears 
to specifically target (VEGFR2+) CEPs. Thus, VEGFR1+ cells that are mobilized by OXi-4503 
may not be inhibited by metronomic cyclophosphamide. It would be of interest to assess 
whether adding antibodies against VEGFR1+ HPCs to our combination treatment could 
perhaps improve tumor response. Additionally, VEGFR1+ cells have been suggested to 
play a role in the first steps of the development of metastasis by creating a pre-metastatic 
niche in distant organs, where tumor cells can home [43]. Gao et al have shown that after 
these initiating steps, VEGFR2+ CEPs control the angiogenic switch mediating the 
progression of lung micrometastasis into macrometastasis [44] These results suggest 
differential roles for VEGFR1+ HPCs and VEGFR2+ CEPs in metastasis, and a need to 
block both VEGFR1 and VEGFR2 signaling, as reported in another study showing that only 
concurrent treatment with neutralizing antibodies against both VEGFR1 and VEGFR2 
substantially suppressed the formation and growth of lung metastasis in a B16 melanoma 
model [45]. It would be of interest to investigate the effects of our therapy in a metastatic 
model, and compare this to a situation where both VEGF receptors 1 and 2 are blocked.
While our results are consistent with the possibility that the improved tumor control 
achieved by combining metronomic cyclophosphamide with a VDA is due to blockade of 
the acute CEP host response induced by the VDA, there may be other, or additional, 
mechanisms involved, including a greater degree of direct killing of either vascular 
endothelial cells present in the tumor vasculature (since both types of therapy can cause 
endothelial cell death) or of the tumor cells themselves since, again, both types of therapy, 
including VDAs, may cause some direct cytotoxic cell effects.
Finally, consideration should be given to the possibility that VDAs themselves may be 
administered in a low(er)-dose metronomic fashion. The availability of oral VDAs such as 
CYT997 makes this a potentially feasible prospect [46]. One advantage of such an approach 
would be reduced possibilities of acute cardiovascular toxicities induced by the VDA. In 
this regard, other oral microtubule inhibiting drugs, such as vinorelbine, are now being 
tested in LDM chemotherapy clinical trials (see www.clinicaltrials.gov).
In summary, our results suggest that integration of metronomic chemotherapy with VDA 
treatment caused potently enhanced VDA-mediated antitumor efficacy when using various 
primary tumor models for therapy testing. These findings support further preclinical testing 
of the combination of a VDA with metronomic chemotherapy, e.g. using an approach that 
could possibly serve as a first or second line alternative for targeted drugs, such as 
bevacizumab. 
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mAterIALs And metHods

Primary Tumor and Animal Models
An aggressive variant of the human MDA-MB-231 breast cancer cell line called 231/LM2-
4 was isolated as previously described [23]. This line was previously selected for high grade 
metastatic ability and was used for the present primary tumor therapy studies rather than 
the parental MDA-MB-231 line because this would allow us to compare the results with 
those obtained in future studies involving treatment of established metastatic disease.  
2 x 106 231/LM2-4 cells were injected orthotopically into the right inguinal mammary fat 
pads (MFP) of 6-week-old female immunodeficient athymic nude mice (Harlan Biotech 
Industries, USA), or into athymic nude mice that were previously lethally irradiated (900 
rad) and subsequently transplanted with 107 green fluorescent protein+ (GFP+)-bone 
marrow cells from syngeneic nude GFP+ donors. In other experiments, 2 x 106 human 
melanoma MeWo cells (ATCC, Manassas, VA) were injected orthotopically (subdermally) 
into adult 6-week-old female immunodeficient athymic nude mice, or 2 x 106 231/LM2-4 
cells were implanted orthotopically into the right inguinal MFP of 6-week-old female CB-17 
severe combined immunodeficient (SCID) mice. Tumor size was assessed regularly with 
Vernier calipers, using the formula length x width2 x 0.5. When tumor size reached 400-500 
mm3, treatment was initiated with either LDM cyclophosphamide, OXi-4503 or a 
combination of the two drugs. Biweekly weight assessment was used as a surrogate 
marker for toxicity. Mice were sacrificed when tumor sizes reached 1700 mm3, and in 
accordance to the guidelines of Sunnybrook Health Sciences Centre.

Drugs and schedule
Cycophosphamide (Baxter Oncology GmbH, Mississauga, Ontario, Canada) was purchased 
from the institutional pharmacy; it was reconstituted as per instructions of the manufacturer 
to a stock concentration of 20 mg/mL and administered via drinking water to provide a 
dose of 20 mg/kg/day, based on the estimated daily consumption of 3 mL for a 20-g mouse, 
as previously described (21). OXi-4503, a vascular microtubule disrupting agent, was 
administered intraperitoneally at a dose of 50 mg/kg, as described previously [47]. For the 
combination therapy, OXi-4503 was given 6 days after the start of LDM cyclophosphamide. 
For long-term treatment, 50 mg/kg OXi-4503 injection was repeated every two weeks.

Bone Marrow Transplantation
GFP+ bone marrow cells (107) isolated from femurs of GFP+ nude mice [24] were injected 
into the tail veins of 6-8 week old lethally irradiated (900 rad) female athymic nude mice. 
Four to six weeks later, recipient mice were implanted with 231/LM2-4. 

Cells and culture conditions
231/LM2-4 and MeWo cells were cultured in RPMI 1640 supplemented with 5% fetal 
bovine serum (Hyclone, South Logan, Utah).
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Evaluation of Viable CEPs by Flow Cytometry
Blood was drawn from the retro-orbital sinus of anaesthetized mice. Viable CEPs were 
counted using five color flow cytometry. Briefly, monoclonal antibodies specific for CD45 
were used to exclude CD45+ hematopoietic cells, and CEPs were detected as being 
positive for the murine endothelial markers fetal liver kinase 1/VEGF receptor 2 (flk-1/
VEGFR-2), CD13 (aminopeptidase N) and CD117 (c-kit) (BD Biosciences, San Diego, CA) 

[48]. After red cell lysis, cell suspensions were analyzed on a LSR II (BD). After acquisition 
of at least 100,000 cells per sample, analyses were considered informative when an 
adequate number of events (i.e. >25, typically 50 -150) were collected in the CEP 
enumeration gate in untreated control animals. Percentages of stained cells were 
determined and compared with appropriate negative controls. Positive staining was defined 
as being greater than non-specific background staining, and 7-aminoactinomycin D (7AAD) 
was used to distinguish apoptotic and dead cells from viable cells [49].

Evaluation of a marker for Perfusion
For blood vessel perfusion analysis, 1 min before euthanasia mice were injected 
intravenously with the fluorescent, DNA-binding dye, Hoechst 33342 (40 mg/kg) (Sigma-
Aldrich Canada Ltd., Oakville, ON Canada) [50]. After euthanasia, tumors were removed and 
either fixed in 10% buffered formalin for 24 hours, followed by 70% ethanol, or tumors 
and organs were frozen on dry ice in Tissue-Tek OCT Compound (Miles Inc., Elkhart, IN) 
and kept in the dark at -70˚C.

Tissue processing and immunohistochemistry
Tissue processing and immunohistochemistry were performed as described [50]. Briefly, 
formalin-fixed, paraffin-embedded tumors were sectioned (5 μm thick) and stained with 
hematoxylin and eosin (H&E). Necrosis was detected as autofluorescence in the fluorescein 
isothiocyanate (FITC) channel. Tumor tissues were quantified for perfusion by analysis of 
Hoechst 33342 staining on cryosections. The microvessel density (MVD) was analyzed by 
immunostaining with an anti-CD31 antibody (1:200, BD Biosciences, San Diego, CA) and 
secondary Cy3-conjugated donkey anti-rat (1:200, Jackson ImmunoResearch Laboratories 
Inc., West Grove, PA). Proliferation was determined by immunostaining with a rabbit 
polyclonal Ki-67 antibody (Vector Laboratories Inc., Burlington, ON, Canada), and secondary 
Texas-Red conjugated goat anti-rabbit (1:200, Jackson ImmunoResearch Laboratories Inc). 
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. 

Image acquisition and analysis
Image acquisition and analysis were carried out as previously described [11]. Tumor sections 
were visualized under a Carl Zeiss Axioplan 2 microscope (Carl Zeiss Canada Inc. Toronto, 
ON, Canada), using bright field and the following fluorescence filters: DAPI (350 nm 
excitation) for Hoechst 33342; Cy3 (540 nm excitation) for CD31 staining; and GFP (470 
nm excitation) for pimonidazole, GFP+ bone marrow positive cell staining or autofluorescence 
of necrotic tissue. 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 5 to 15, depending on the tumor size. Perfusion was assessed by systematically 
analyzing 200x magnified images of tumor tissue sections stained with Hoechst 33342 
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and calculating the areas which are positively stained (blue) as a fraction of the total tumor 
area. Similarly, necrosis was assessed by analyzing 25x magnified images for tissue 
autofluorescence (green). Adobe Photoshop 6.0 software (Adobe Systems Inc., San Jose, 
CA) was used to quantify perfused and necrotic fractions which are then expressed as 
percentages of the total tumor area. For necrosis and perfusion, a total of at least 15 fields 
per group were analyzed. Longitudinal cross-sections of the tumors were made to allow 
all the tumor areas to be represented in the sample. For the analysis of GFP+ and CD31+ 
cells, a Zeiss Axiovert 100 M confocal laser scanning microscope was used at magnification 
of 200x times and analysis was performed with Zeiss LSM Image Browser software, 
version 4,2,0,121 . The number of vascular structures (CD31-positive) and cells (GFP-
positive) per field were counted. The total number of positive cells or structures per field 
for each tumor sample was counted.

Analysis of tumors using flow cytometry
A representative longitudinal section of tumor tissue was prepared as a single cell 
suspension by digestion with an enzyme cocktail made up of collagenase 3 (4 mg/ml; 
Worthington Biochemical Corporation, Lakewood, NJ), hyaluronidase (2 mg/ml; Sigma), 
and collagenase IV (2 mg/ml; Sigma). Subsequently, the cells in suspension were 
immunostained with monoclonal antibodies against CD45, CD31 and VEGFR-2 (flk-1) 
markers (BD Pharmingen). Evaluation of positive cells was conducted using flow cytometry, 
and more than 150,000 events were collected for each sample tested.

Statistical Analysis
SPSS statistical packages version 12.0.1 were used to assess the statistical significance 
of differences in mean values. For each value, Levene’s test was used to determine the 
equality of variances. Depending on the outcome of Levene’s test, the two-tailed student’s 
t-test or Wilcoxon test was used to assess the significance of the mean difference. 
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 (**). Data are expressed as mean ± S.D.
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Chemotherapy remains the main treatment modality for patients with metastatic cancer. 
Unfortunately, response is often transient and, eventually, tumors become resistant to the 
treatment. Development of resistance to chemotherapy therefore is one of the major 
obstacles in the effective treatment of patients with metastatic disease. Most research in 
this area has focused on resistance evoked by pathways in tumor cells, whether intrinsic 
or acquired. However, accumulating evidence suggests that chemotherapy, in addition to 
its direct cytotoxic effects on tumor cells, may also induce a systemic host response which 
could play a role in therapy resistance [1]. 

This thesis is dedicated to the paradox of provoking protumorigenic events with an 
antitumor agent. We aim to characterize the decisive role of the host response in tumor 
growth, development of metastases, and therapy outcome. By improving our understanding 
of the prosurvival effects of chemotherapy on the microenvironment, we aim to provide 
strategies to optimize antitumor therapy.

Chapter 1 provides a general introduction by summarizing the recent developments in this 
field. When hitting tumors with a high dose of cytotoxic therapy, a number of host processes 
will rapidly be activated in the tumor microenvironment. Examples include upregulation of 
protumorigenic cytokines and acute mobilization and tumor homing of proangiogenic bone 
marrow-derived cells, but also activation of cells in the tumor microenvironment to produce 
systemic or paracrine factors, as well as tissue-specific responses providing a protective 
niche to tumor cells [2-4]. All of these factors can promote tumor repopulation and will 
diminish therapy efficacy. Blocking the host response may therefore enhance chemotherapy 
benefits. A number of strategies to do so have already been developed such as the 
combination of conventional chemotherapy with agents targeting cells in the tumor 
microenvironment, bone marrow-derived cells, or growth factors. However, before these 
regimens can be implemented into clinical practice our understanding of the molecular 
mechanisms behind the host response induced by cytotoxic agents will have to be 
enhanced. Specific aspects of this response are characterized in the following chapters.

The effects of chemotherapy on benign tissues are usually masked by the potent, cytotoxic 
effects on tumor cells. In chapter 2, a mouse model is used in which the effects on the 
host are isolated from the cytotoxic effects on the tumor. When chemotherapy is 
administered to non-tumor-bearing mice followed by intravenous injection of tumor cells 
after clearance of the drug from circulation, the influence of the chemotherapy-induced 
host response on tumor cell colonization in the lungs can be studied. Pre-treatment with 
two widely used chemotherapeutic agents, cisplatin and taxol, upregulated membrane 
expression of vascular endothelial growth factor 1 (VEGFR-1) on pulmonary endothelial 
cells. Furthermore, chemotherapy pre-treatment resulted in enhanced adhesion of tumor 
cells on lung endothelium and in enhanced lung colony formation. Thus, chemotherapy 
can activate cells in the pulmonary vascular bed to create a favorable niche for tumor cell 
colonization. When chemotherapy pre-treatment was combined with antibodies targeting 
VEGFR-1, this effect was reversed and the number of lung colonies was decreased. 
We believe that by uncovering the host response that is usually masked by the potent 
antitumor activity of the chemotherapy drugs, this model shows a ‘proof of concept’. It is 
likely that the effects of the drug on the microenvironment are also present when treating 
an in-situ tumor. In the physiological situation (i.e. in the presence of direct effects on tumor 
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cells), the prosurvival response of the microenvironment may limit the antitumor efficacy 
of the drug. Thus, the host response might provide an explanation for the lack of long-lasting 
cures in patients, as well as a target for enhanced tumor control. 

In chapter 3, a different aspect of the chemotherapy-induced host response is discussed, 
involving mesenchymal stem cells (MSCs), a group of bone marrow-derived cells that can 
give rise to adipocytes, osteoblasts, chondrocytes, fibroblasts, perivascular and vascular 
structures [5-8]. In response to signals from the tumor, MSCs are mobilized from the bone 
marrow to migrate to the tumor site where they are incorporated into the tumor stroma. 
Tumor cells can take advantage of numerous cytokines and growth factors excreted by 
MSCs, resulting in enhanced angiogenesis, proliferation, and metastasis formation [5,9-11]. 
We identified a novel role for MSCs in resistance to chemotherapy. Upon systemic 
administration of a platinum-containing chemotherapeutic agent, a host response was 
activated in the MSCs, leading to secretion of rare fatty acids that can protect tumors against 
a broad spectrum of chemotherapeutic drugs. The fatty acids were identified as 12-oxo-
5,8,10-heptadecatrienoic acid (KHT) and hexadeca-4,7,10,13-tetraenoic acid (16:4(n-3)), 
collectively called platinum-induced fatty acids (PIFAs). Picomolar concentrations of these 
PIFAs were sufficient to induce an almost complete neutralization of chemotherapy activity. 
We next aimed to interfere with PIFA secretion. Since 16:4(n-3) and KHT were shown to be 
produced downstream of COX-1 and thromboxane synthase, MSCs were incubated with 
platinum chemotherapy combined with inhibitors of either of these enzymes. This combination 
therapy blocked the release of PIFAs from MSCs. Furthermore, addition of an inhibitor of 
COX-1 or thromboxane synthase significantly enhanced the antitumor effects of chemotherapy 
in vivo, indicating that PIFAs are endogenously produced in response to chemotherapy 
treatment. Thus, chemotherapy-induced secretion of PIFAs by bone marrow-derived MSCs 
illustrates how the acute host response can play a decisive role in therapy outcome. 
Since MSCs isolated from human volunteers were able to produce PIFAs, and PIFA levels 
in patient plasma were elevated after platinum-based therapy, we hypothesized that 
PIFAs could also interfere with chemotherapy activity in humans. That would mean that 
addition of COX-1 or thromboxane synthase inhibitors to chemotherapy could augment 
antitumor effectivity. A phase 1 study is ongoing to test safety and tolerability of addition 
of COX-1 inhibitor indomethacin to either the ECX regimen (epirubicine, cisplatin, 
capecitabine) in patients with esophageal carcinoma, or the CAPOX regimen (oxaliplatin, 
capecitabine) in patients with colorectal carcinoma. PIFA kinetics and efficacy will be 
studied as secondary endpoints. 

In the two subsequent chapters we have further elucidated PIFA-induced chemotherapy 
resistance. In chapter 4, we have performed experiments to explore the mechanism by 
which PIFAs induced resistance in tumor cells. We show that PIFA-induced resistance was 
limited to DNA damaging chemotherapeutic agents. Cisplatin still reached the nucleus and 
formed DNA adducts in the presence of PIFAs, causing initial DNA damage, but a rapid 
decline was seen in the number of cells expressing γH2AX, a surrogate marker for DNA 
damage. In BRCA1-/-;p53-/- tumors deficient for homologous recombination (HR) [12], PIFAs 
were not able to cause resistance to chemotherapy, whereas partial restoration of HR by 
concurrent loss of 53BP1 was sufficient to restore PIFA-induced resistance. These data 
suggest that PIFAs specifically protect tumor cells against DNA damaging chemotherapeutic 
agents through a mechanism involving early DNA damage repair.
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Chapter 5 pursues the finding that PIFA 16:4(n-3) is also present in fish oil. Fish oil is a 
non-standardized mixture of fatty acids. A panel of 6 different fish oils was found to contain 
significant levels of 16:4(n-3). In mouse models, low dose fish oil was able to interfere with 
chemotherapy activity. Previously, large studies have convincingly shown that fish oil can 
lower the risk of a number of diseases such as cardiovascular disease and rheumatoid 
athritis [13,14], perhaps pointing to a general ‘tissue-protective effect’. It is tempting to 
speculate that fish oil can – under certain conditions – have a similar protective effect on 
established tumors, shielding them from damage by chemotherapy. 
To understand the consequences of these preclinical studies for patients using fish oil 
supplements, we designed an exploratory clinical study. PIFA pharmacokinetics were 
analyzed in healthy volunteers after administration of a single gift of fish oil. In all volunteers, 
rapid rises in plasma levels of 16:4(n-3) were found, also after intake of the recommended 
daily amount of 10 ml of fish oil. Furthermore, herring and mackerel were shown to contain 
high levels of 16:4(n-3). Consumption of 100 grams of either of these fishes enhanced 
16:4(n-3) plasma levels in healthy volunteers, normalizing 24 hours after intake. Tuna, on 
the other hand, only contained minimal amounts of 16:4(n-3) and consumption did not 
affect plasma levels. Our findings show that fish oil might not be just an innocent food 
supplement during chemotherapy, and that intake of certain fishes might be harmful as 
well. To determine the clinical value of 16:4(n-3) levels in humans, we are currently 
undertaking a large retrospective study correlating PIFA levels with response to 
chemotherapy in cancer patients. Awaiting these and other clinical trials, our results have 
urged the Dutch Cancer Society to publish an advice not to take fish oil supplements during 
chemotherapy administration [13]. Furthermore, we believe that consumption of herring and 
mackerel are best avoided on the day of chemotherapy administration. 

Acute responses of host tissues to antitumor agents are not exclusive to chemotherapy. 
A similar host response takes place after administration of ‘cytotoxic-like’ vascular disrupting 
agents (VDAs) in mice and men. These drugs are the subject of chapter 6 and chapter 7. 
Chapter 6 provides an overview of the published literature on these novel compounds that 
target aberrant endothelial cells in the tumor vasculature. Within a few hours after exposure 
to a VDA, blood flow to the tumor is completely blocked, resulting in massive central 
hypoxia and tumor cell death. However, tumor regrowth rapidly occurs from a remaining 
rim of viable tumor tissue located on the edges of the tumor, negating the majority of initial 
therapy benefits. A VDA-induced host response is thought to be (partially) responsible for 
this regrowth. VDA therapy enhances plasma levels of growth factors SDF-1, VEGF and 
G-CSF, among others [16]. These growth factor changes result in mobilization of pro-
tumorigenic bone marrow-derived cells, such as endothelial progenitor cells (CEPs) and 
TIE2-expressing monocytes (TEMs) [17,18]. Specifically, CEPs were shown to home to the 
viable rim, where they promote angiogenesis and indirectly also tumor growth. When the 
mobilization of these CEPs was blocked by co-administration of an antiangiogenic agent 
targeting VEGFR-2 present on CEPs, the viable rim almost completely disappeared. Tumor 
regrowth was prevented, resulting in enhanced tumor control [17]. CEP peaks were also 
observed in patients after VDA therapy, strongly supporting the rationale to combine a VDA 
with an agent interfering with CEP mobilization [19,20].

Following up on these findings, chapter 7 demonstrates a novel strategy to interfere with 
the CEP spike after administration of a potent VDA called OXi-4503. Instead of using an 
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antiangiogenic agent, we now show that the combination of OXi-4503 with low dose 
chemotherapy can prevent CEP spikes and reduce the viable rim, thereby largely 
suppressing the tumor regrowth that usually occurs after VDA administration. The so-called 
low-dose metronomic chemotherapy regimen includes frequent, sometimes even daily, 
gifts without drug breaks [21]. Potential benefits of metronomic chemotherapy over antibody-
based antiangiogenic approaches in optimizing VDA activity are the favorable safety profile, 
greatly decreased costs, and provision of a secondary treatment option when patients may 
be intrinsically resistant to the antiangiogenic agent or acquire resistance to it. Additionally, 
metronomic chemotherapy blocks not only CEP mobilization, but also the egress of other 
bone marrow-derived cells, potentially interfering with multiple aspects of the VDA-induced 
host response. 

In summary, this thesis shows that in addition to the direct antitumor effects, certain cancer 
treatments elicit a protective host response that may play a decisive role in therapy outcome. 
These responses can be viewed upon as an attempt of the body to protect tissues crucial 
for its well-functioning, which is subsequently exploited by the tumor. MSCs, for example, 
are recruited to wounds and other sites of injury where they contribute to tissue repair. The 
massive damage exerted to a tumor by chemotherapy might elicit a similar response in the 
MSCs, thereby aiding tumor repopulation. Similarly, CEP recruitment to tumors following 
VDA therapy may be aimed at repairing vascular damage induced by this drug. 
This prosurvival response can provide an explanation for the limited success of certain 
anticancer agents. Targeting the host response will likely augment current antitumor 
therapies. Based on our preclinical results, combining conventional chemotherapy with 
agents blocking specific aspects of the systemic host response seems promising to enhance 
chemotherapy efficacy. Examples of potential combinatorial agents include antibodies 
targeting VEGFR-1 to prevent priming of the pulmonary vascular bed by chemotherapy 
(chapter 2), inhibitors of COX-1 and thromboxane synthase to prevent PIFA release by MSCs 
(chapter 3), and metronomic chemotherapy to interfere with CEP spikes following VDA 
therapy (chapter 7). Furthermore, the host response can be blunted by interfering with more 
downstream effectors in the tumor cells. A possibility is to temporarily inhibit DNA repair 
during chemotherapy administration (chapter 4). Since repair of DNA damage is an essential 
process in homeostasis and in preventing tumor development, extensive research will have 
to show whether temporarily blocking repair is safe and feasible. 
A challenge in translating these findings to the clinic lays in the multitude of responses 
observed. Numerous growth factors, (bone marrow-derived) cell types, and signaling 
pathways have been described to be activated following therapy and it is yet unclear which 
response will play a role in which patient. Thus, tailored therapies should be designed, 
keeping in mind that the host response in an individual patient will be influenced by the 
cells in the microenvironment, the drug inducing the host response, tumor type, localization 
and stage, as well as the characteristics of each single patient. Unraveling the mechanisms 
involved in this host response will be crucial for successful cancer treatment. 
In conclusion, the net effect of chemotherapy will be determined by the direct antitumor 
effects and the counteracting host response. In the design of future clinical studies, therapy 
effects on malignant tissues, as well as therapy effects on the microenvironment and the 
interactions between them should be further explored.
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Voor patiënten met uitgezaaide kanker is chemotherapie de meest gebruikte vorm van 
behandeling. Helaas is de respons op chemotherapie in de meeste gevallen slechts tijdelijk 
en raakt de tumor uiteindelijk ongevoelig voor de chemotherapie. Die ongevoeligheid wordt 
ook wel resistentie genoemd. Door resistentie tegen chemotherapie is genezing van 
patiënten met uitzaaiingen vaak niet mogelijk. Het ontstaan van resistentie is dan ook één 
van de belangrijkste obstakels in het effectief behandelen van patiënten met kanker.
Er is veel onderzoek gedaan naar het ontstaan van resistentie. Meestal richt dit onderzoek 
zich op veranderingen in de tumorcel zelf. Een voorbeeld is de bevinding dat er in 
tumorcellen vaak een verhoogde aanwezigheid is van pompjes die de chemotherapie de 
cel uit kunnen pompen [1]. Chemotherapie treft echter niet alleen de tumor, maar ook andere 
snel delende cellen in het lichaam. Dit leidt onder andere tot bekende bijwerkingen als 
haaruitval en diarree. Minder zichtbaar, maar in potentie zeker zo schadelijk voor de patiënt, 
zijn de effecten van chemotherapie op de cellen in de directe omgeving van de tumor. 
Wanneer de gezonde weefsels geraakt worden door een hoge dosis chemotherapie, zal 
er een overlevingsrespons optreden [2]. De weefsels zullen alles in het werk stellen om de 
schade door chemotherapie tegen te gaan of te herstellen, bijvoorbeeld door het uitscheiden 
van groeifactoren of door het aantrekken van voorlopercellen uit het beenmerg. Daarmee 
beperk je de schade aan de gezonde weefsels die je nodig hebt om te functioneren. Een 
nadeel van deze acute reactie op schade is echter dat de tumor hier ook gebruik van kan 
maken. Het lichaam is dan als het ware de schade die de chemotherapie in de tumor heeft 
aangericht aan het herstellen. Dat kan er toe leiden dat de tumor weer gaat groeien, wat 
voor de patiënt betekent dat zijn tumor resistent wordt tegen chemotherapie. Zo kunnen 
de weefsels in de omgeving van de tumor een belangrijke rol spelen in het ontstaan van 
resistentie.

In mijn proefschrift heb ik mij gericht op de paradox dat je met antitumor middelen een 
pro-tumor respons kunt stimuleren. De overlevingsreactie van de gezonde weefsels na 
behandeling met chemotherapie is een nieuw concept dat in het Engels de ‘host response’ 
genoemd wordt, hier vertaald als ‘gastheer respons’. Het doel van het onderzoek dat hier 
beschreven wordt, is het karakteriseren van de rol die de gastheer respons speelt in 
tumorgroei, in het ontstaan van uitzaaiingen en in de reactie op behandeling. Door een 
beter begrip van de effecten van chemotherapie op gezonde weefsels en de interacties 
tussen deze weefsels en de tumor trachten we aangrijpingspunten te vinden om de 
behandeling van patiënten met kanker te verbeteren. Ik heb daarbij voornamelijk gebruik 
gemaakt van celkweken en muismodellen. Een deel van de bevindingen is bevestigd in 
onderzoek met patiënten. 

Hoofdstuk 1 geeft een overzicht van de recente ontwikkelingen in dit onderzoeksveld. De 
gastheer respons beslaat een groot aantal verschillende processen. Een goed 
gekarakteriseerd voorbeeld is de mobilisatie van voorlopercellen uit het beenmerg na 
behandeling met chemotherapie [3]. Eenmaal in de circulatie kunnen deze cellen naar de 
tumor migreren en daar de tumorgroei bevorderen, onder andere door het stimuleren van 
bloedvatvorming (angiogenese). Bloedvaten zijn noodzakelijk om de tumor te voorzien van 
voldoende voedingsstoffen, en om uit te zaaien. Gemobiliseerde beenmergcellen kunnen 
tevens onderdeel worden van het steunweefsel rond de tumor, het tumor stroma. Deze 
stromale component kan ook bijdragen aan de gastheer respons. Zo kan chemotherapie 
er voor zorgen dat cellen in het stroma signaalstoffen gaan uitscheiden die de naastgelegen 
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tumor helpen om de schade door de chemotherapie te verminderen [4]. Een derde aspect 
van de gastheer respons bestaat uit weefsel-specifieke reacties op de chemotherapie. Een 
voorbeeld van een weefsel-specifieke reactie in de longen wordt gegeven in hoofdstuk 2 
van dit proefschrift. 
Onderzoek in proefdieren heeft aangetoond dat al deze processen de werkzaamheid van 
chemotherapie kunnen verminderen. Wanneer je de gastheer respons kunt remmen, zal 
de effectiviteit van chemotherapie dus toenemen. Een aantal strategieën om dit te bereiken 
is met succes getest in muismodellen, zoals het combineren van conventionele 
chemotherapie met medicijnen die zich richten tegen de cellen in de directe omgeving van 
de tumor, tegen beenmergcellen, of tegen factoren die de tumorgroei stimuleren. In 
hoofdstuk 2, 3 en 7 worden dergelijke combinatietherapieën beschreven.

Het bestuderen van de gastheer respons wordt bemoeilijkt doordat de effecten van 
chemotherapie op gezonde weefsels vaak overstemd worden door de krachtige effecten 
op de tumorcellen. In hoofdstuk 2 hebben we gebruik gemaakt van een muismodel om 
de directe, cytotoxische effecten van chemotherapie op tumorcellen te omzeilen en enkel 
naar de gastheer respons te kijken. Hiertoe wordt chemotherapie toegediend aan muizen 
zonder tumoren. Vervolgens wordt gewacht tot de chemotherapie uit de circulatie geklaard 
is, alvorens tumorcellen intraveneus te injecteren. Dit model maakt het mogelijk om de 
invloed van de gastheer respons op tumorcel kolonisatie in de long te bestuderen. 
Voorbehandeling met twee verschillende chemotherapeutica bleek te leiden tot stimulatie 
van het eiwit VEGFR-1 op het endotheel van het longvaatbed. Daarnaast leidde de 
chemotherapie voorbehandeling tot versterkte hechting van tumorcellen aan het endotheel 
en tot een toename van het aantal tumorcel kolonies in de longen. Deze studies laten zien 
dat chemotherapie lichaamseigen cellen in de longen kan activeren en zo een gunstige 
omgeving kan creëren voor de tumorcel om zich te nestelen en uit te groeien tot een 
uitzaaiing. Wanneer de chemotherapie voorbehandeling gecombineerd werd met 
antilichamen gericht tegen VEGFR-1 waren we in staat om dit ongunstige effect teniet 
doen. Deze combinatie therapie zou daarom winst voor de patiënt kunnen opleveren.

In hoofdstuk 3 laten we zien dat chemotherapie ook andere lichaamseigen cellen kan 
activeren, namelijk mesenchymale stamcellen (MSCs). Tumoren scheiden signaalstoffen 
uit die ervoor zorgen dat MSCs het beenmerg verlaten en naar de tumor migreren, waar 
ze deel gaan uitmaken van het stroma. MSCs scheiden op hun beurt ook een groot aantal 
signaalstoffen en groeifactoren uit, waarvan de tumor dankbaar gebruik maakt. Zo kunnen 
MSCs in proefdieren angiogenese, tumorgroei en vorming van uitzaaiingen bevorderen [5-8]. 
In dit hoofdstuk laten wij een nieuwe rol voor deze cellen zien in resistentie tegen 
chemotherapie. Wanneer een chemotherapeuticum op basis van platinum toegediend 
werd aan een muis, werden MSCs geactiveerd en scheidden zij vetzuren uit. Deze vetzuren, 
ook wel ‘platinum-induced fatty acids’ (‘PIFAs’) genoemd, waren in staat om de tumor 
beschermen tegen een groot aantal verschillende chemotherapeutica. Slechts zeer lage 
concentraties van de PIFAs waren nodig om de effecten van chemotherapie in de tumor 
vrijwel volledig te neutraliseren. Dit ongewenste effect kon voorkomen worden door 
chemotherapie te combineren met remmers van twee enzymen die betrokken zijn in de 
aanmaak van de PIFAs, COX-1 en thromboxane synthase. 
De uitscheiding van PIFAs ten gevolge van chemotherapie en de breedspectrum resistentie 
die daarop volgt illustreren de beslissende rol die de gastheer respons kan spelen in de 
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uitkomst van een behandeling. Er zijn aanwijzingen dat dit ook in patiënten het geval kan 
zijn: MSCs geïsoleerd uit humaan beenmerg kunnen PIFAs produceren, en in het plasma 
van kankerpatiënten stijgen PIFA concentraties na toediening van platinum bevattende 
chemotherapie. Om de effecten van PIFAs op therapie respons in patiënten met kanker 
te onderzoeken zijn we recent een klinische studie gestart waar PIFA concentraties 
gecorreleerd worden aan het effect van de chemotherapie. Daarnaast loopt er momenteel 
een fase I studie om te onderzoeken of de combinatie van COX-1 remming en 
chemotherapie in patiënten veilig en te verdragen is. Dat is een voorwaarde voor verder 
klinisch onderzoek naar de effecten van deze combinatie op het ziektebeloop in patiënten.

Hoofdstuk 4 en hoofdstuk 5 gaan verder in op de PIFA-geïnduceerde resistentie tegen 
chemotherapie. In hoofdstuk 4 hebben we de manier waarop PIFAs interfereren met de 
werking van chemotherapie in detail bestudeerd. Daarbij bleek dat PIFAs de tumoren enkel 
beschermen tegen chemotherapeutica die actief zijn door het veroorzaken van DNA schade 
in tumorcellen. In aanwezigheid van de PIFAs kon de chemotherapie het DNA nog wel 
bereiken, maar de toegebrachte schade werd snel gerepareerd, wat leidde tot resistentie 
tegen de therapie. In muistumoren waarin DNA schade door een genetisch defect niet 
goed gerepareerd kan worden (BRCA1-/-;p53-/- tumoren [9]), waren de PIFAs niet in staat om 
resistentie op te wekken tegen chemotherapie. We concluderen hieruit dat herstel van 
DNA schade een rol speelt in het werkingsmechanisme van de PIFAs. 

Hoofdstuk 5 gaat in op de bevinding dat PIFA 16:4(n-3) ook aanwezig is in visolie. Visolie 
is een ongecontroleerd mengsel van vetzuren, waarvan het grootste deel onbekend is. We 
hebben een aantal visoliën geanalyseerd en deze bleken allemaal relevante hoeveelheden 
16:4(n-3) te bevatten. In de muismodellen bleek tevens dat visolie resistentie tegen 
chemotherapie kan induceren, zelfs wanneer zeer lage doseringen gegeven werden. Om 
in kaart te brengen wat de consequenties van deze bevindingen zijn voor mensen die visolie 
gebruiken, werd een klinische studie opgezet waarbij gezonde vrijwilligers visolie innamen 
en vervolgens plasma waarden van 16:4(n-3) gemeten werden. Inname van de aanbevolen 
dagelijkse hoeveelheid visolie leidde in alle vrijwilligers tot snelle stijgingen van 16:4(n-3) 
in plasma. Daarnaast ontdekten we dat haring en makreel ook grote hoeveelheden 16:4(n-
3) bevatten. Inname van 100 gram van deze vissen leidde tot een sterke toename van 
16:4(n-3) in het plasma van gezonde vrijwilligers. Tonijn bevat daarentegen slechts minimale 
hoeveelheden 16:4(n-3) en inname van 100 gram tonijn had geen effect op de 
plasmaspiegels. Onze bevindingen laten zien dat het gezegde ‘baat het niet, dan schaadt 
het’ niet van toepassing is op visolie gebruik tijdens chemotherapie. Wellicht geldt datzelfde 
voor inname van bepaalde soorten vis. Om deze conclusies met zekerheid te kunnen 
trekken is het van belang om de klinische gevolgen van hoge 16:4(n-3) waarden in plasma 
te onderzoeken. De reeds eerder genoemde studie waarin PIFA waarden in patiënten 
gecorreleerd worden aan therapie respons, zal ons hierbij helpen. In afwachting van deze 
en andere studies waarin visolie gesupplementeerd wordt tijdens chemotherapie, adviseren 
wij samen met KWF Kankerbestrijding om geen visolie in te nemen op de dag van de 
chemotherapie [10]. In afwachting van verder onderzoek adviseren wij om op die dag ook 
geen haring of makreel te eten.

De acute respons van gezonde weefsels op antitumor therapie wordt niet uitsluitend gezien 
na chemotherapie. Na toediening van vascular disrupting agents (VDAs), een nieuwe klasse 
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medicijnen die aangrijpen op de bloedvaten in de tumor, wordt ook een gastheer respons 
gezien. Dit vormt het onderwerp van hoofdstuk 6 en hoofdstuk 7. Hoofdstuk 6 geeft een 
overzicht van het werkingsmechanisme en de ontwikkeling van deze nieuwe antitumor 
middelen. Binnen enkele uren na blootstelling aan een VDA wordt de bloedtoevoer van de 
tumor volledig afgesloten, resulterend in centrale hypoxie en dood van tumorcellen. 
Hergroei van de tumor treedt echter snel op vanuit de randen van de tumor, waar zich 
overlevende tumorcellen bevinden. De initiële effecten van de therapie worden daardoor 
grotendeels teniet gedaan. De gastheer respons die optreedt in reactie op de VDA wordt 
(deels) verantwoordelijk gehouden voor de hergroei. VDA-gemedieerde plasma stijgingen 
van groeifactoren SDF-1, VEGF en G-CSF leiden tot mobilisatie van beenmergcellen, zoals 
endotheliale progenitor cellen (CEPs) en TIE2-expresserende monocyten (TEMs) [11-13]. 
Specifiek CEPs nestelen zich in de randen van de tumor, waar ze angiogenese bevorderen 
en indirect ook de tumorgroei. Wanneer de mobilisatie van CEPs geremd werd door het 
toevoegen van een antiangiogeen middel gericht tegen VEGFR-2 op CEPs, verdween de 
rand met overlevende tumorcellen bijna volledig en werd tumor hergroei voorkomen [11]. 
Ook in patienten leidde behandeling met een VDA tot verhoging van het aantal CEPs in de 
circulatie [14,15]. Deze resultaten ondersteunen de combinatie van een VDA met een middel 
dat CEP mobilisatie uit het beenmerg remt. 

Aansluitend op deze bevindingen laten we in hoofdstuk 7 een nieuwe manier zien om de 
VDA-geïnduceerde CEP stijging in de circulatie te voorkomen. OXi-4503, een krachtige 
VDA, wordt hier gecombineerd met laag gedoseerde chemotherapie, met als gevolg dat 
CEP mobilisatie voorkomen werd en daarmee ook tumor hergroei. Het frequent toedienen 
van een lage dosis chemotherapie zonder pauzes tussen de verschillende cycli wordt 
‘metronome toediening’ genoemd [16]. Mogelijke voordelen van metronome chemotherapie 
in deze setting zijn het gunstige bijwerkingenprofiel, de lage kosten en de mogelijkheid 
om een tweedelijns behandeling te kunnen bieden als patiënten resistent zijn of worden 
tegen de antiangiogene therapie. Daarnaast voorkomt metronome chemotherapie ook de 
mobilisatie van andere beenmerg cellen ten gevolge VDA behandeling, waardoor mogelijk 
meerdere aspecten van de gastheer respons bestreden worden.

Samenvattend, in dit proefschrift laat ik zien dat antitumor therapieën naast directe effecten 
op tumorcellen ook effecten kunnen hebben op de gezonde weefsels. In benigne cellen 
wordt een overlevingsrespons geactiveerd, waar de tumor gebruik van kan maken. Daarbij 
zijn onder andere MSCs uit het beenmerg betrokken. Deze cellen hebben in het lichaam 
een belangrijke rol in wondgenezing en het is een aannemelijke hypothese dat zij bijdragen 
aan het herstel van de ‘verwondingen’ die chemotherapie maakt in de tumor. Op dezelfde 
manier kan de mobilisatie en tumor kolonisatie van de vasculaire voorlopercellen CEPs een 
rol spelen bij het herstel van schade aan bloedvaten in de tumor. 
Deze mechanismen van het lichaam om de schade van een behandeling in de tumor te 
herstellen, kunnen daarmee kan een verklaring vormen voor het beperkte succes van 
bepaalde antitumor middelen. De bestaande therapieën kunnen wellicht verbeterd worden 
door het gelijktijdig blokkeren van de gastheer respons. Gebaseerd op de resultaten van ons 
proefdieronderzoek, zou chemotherapie effectiever worden door het te combineren met 
middelen die aangrijpen op cellen in de omgeving van de tumor, op beenmergcellen of op 
signaalstoffen. De toevoeging van bijvoorbeeld antilichamen tegen VEGFR-1 aan 
chemotherapie kan het creëren van een beschermende niche voor tumorcellen in de longen 
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te voorkomen (hoofdstuk 2). Remmers van COX-1 of thromboxane synthase kunnen de PIFA 
productie na chemotherapie blokkeren, en zo resistentie tegen gaan (hoofdstuk 3). Ook het 
lange termijn effect van VDAs kan verbeterd worden door combinatie therapie met 
antiangiogene middelen of metronome chemotherapie (hoofdstuk 7). Daarnaast kan lager in 
signaleringscascade ingegrepen worden, bijvoorbeeld door de effecten van de gastheer 
respons in de tumorcel zelf tegen te gaan. Het is een mogelijkheid om de reparatiemechanismen 
van DNA schade tijdelijk te onderbreken tijdens chemotherapie behandeling, om zo de 
effecten van de PIFAs teniet te doen (hoofdstuk 4). Aangezien reparatie van DNA schade 
een essentieel proces is in het functioneren van het lichaam, zal uitgebreid onderzoek moeten 
uitwijzen of het tijdelijk remmen hiervan veilig en uitvoerbaar is. 
De vertaling van translationeel onderzoek zoals beschreven in dit proefschrift naar de 
dagelijkse praktijk in de kliniek gaat hoe dan ook gepaard met een aantal uitdagingen. 
In het geval van de gastheer respons zal de voornaamste hindernis welllicht de grote 
hoeveelheid mogelijke reacties zijn. Van een groot aantal signaalstoffen, groeifactoren, 
(beenmerg)cellen en signaleringscascades is activatie na therapie beschreven, en het is 
niet duidelijk welke reactie een rol zal gaan spelen in welke patiënt. De gastheer respons 
zal beïnvloed worden door de cellen in de micro-omgeving van de tumor, het gekozen 
medicijn, tumor type, -lokalisatie en -stadium, maar ook door de individuele karakteristieken 
van een patiënt. Daarom zal het wellicht nodig zijn om de behandeling toe te spitsen op 
elke patiënt afzonderlijk. Het verder ontrafelen van de moleculaire mechanismen betrokken 
in deze respons zal cruciaal zijn voor een succesvolle behandeling van patiënten met kanker.
Concluderend zal het netto resultaat van een behandeling bepaald worden door de directe 
antitumor effecten enerzijds en de gastheer respons anderzijds. In toekomstige klinische 
studies zal derhalve niet alleen oog moeten zijn voor effecten van therapie op het maligne 
tumorweefsel, maar ook voor effecten van therapie op de micro-omgeving van de tumor, 
en voor de onderlinge interacties.

2012129 proefschrift Laura van Hussen.indd   160 05-03-13   16:25



NEDERLANDSE SAMENVATTING

161

9

reFerentIes

1.  D.M. Bradshaw and R.J. Arceci, Clinical relevance of transmembrane drug efflux as a mechanism of 
multidrug resistance, J. Clin. Oncol. 16 (1998) pp. 3674-3690.

2.  R.S. Kerbel and J.M. Ebos, Peering into the aftermath: The inhospitable host?, Nat. Med. 16 (2010) pp. 
1084-1085.

3.  Y. Shaked, E. Henke, J.M. Roodhart, P. Mancuso, M.H. Langenberg, M. Colleoni, L.G. Daenen, S. Man, 
P. Xu, U. Emmenegger, T. Tang, Z. Zhu, L. Witte, R.M. Strieter, F. Bertolini, E.E. Voest, R. Benezra, and 
R.S. Kerbel, Rapid chemotherapy-induced acute endothelial progenitor cell mobilization: implications 
for antiangiogenic drugs as chemosensitizing agents, Cancer Cell 14 (2008) pp. 263-273.

4.  Y. Sun, J. Campisi, C. Higano, T.M. Beer, P. Porter, I. Coleman, L. True, and P.S. Nelson, Treatment-
induced damage to the tumor microenvironment promotes prostate cancer therapy resistance through 
WNT16B, Nat. Med. (2012).

5.  B.M. Beckermann, G. Kallifatidis, A. Groth, D. Frommhold, A. Apel, J. Mattern, A.V. Salnikov, G. 
Moldenhauer, W. Wagner, A. Diehlmann, R. Saffrich, M. Schubert, A.D. Ho, N. Giese, M.W. Buchler, H. 
Friess, P. Buchler, and I. Herr, VEGF expression by mesenchymal stem cells contributes to angiogenesis 
in pancreatic carcinoma, Br. J. Cancer 99 (2008) pp. 622-631.

6. S.A. Bergfeld and Y.A. DeClerck, Bone marrow-derived mesenchymal stem cells and the tumor 
microenvironment, Cancer Metastasis Rev. 29 (2010) pp. 249-261.

7. A.E. Karnoub, A.B. Dash, A.P. Vo, A. Sullivan, M.W. Brooks, G.W. Bell, A.L. Richardson, K. Polyak, 
R. Tubo, and R.A. Weinberg, Mesenchymal stem cells within tumour stroma promote breast cancer 
metastasis, Nature 449 (2007) pp. 557-563.

8.  L.V. Rhodes, S.E. Muir, S. Elliott, L.M. Guillot, J.W. Antoon, P. Penfornis, S.L. Tilghman, V.A. Salvo, 
J.P. Fonseca, M.R. Lacey, B.S. Beckman, J.A. McLachlan, B.G. Rowan, R. Pochampally, and M.E. 
Burow, Adult human mesenchymal stem cells enhance breast tumorigenesis and promote hormone 
independence, Breast Cancer Res. Treat. (2009).

9.  X. Liu, H. Holstege, H. van der Gulden, M. Treur-Mulder, J. Zevenhoven, A. Velds, R.M. Kerkhoven, 
M.H. van Vliet, L.F. Wessels, J.L. Peterse, A. Berns, and J. Jonkers, Somatic loss of BRCA1 and p53 
in mice induces mammary tumors with features of human BRCA1-mutated basal-like breast cancer, 
Proc. Natl. Acad. Sci. U. S. A 104 (2007) pp. 12111-12116.

10.  Dutch Cancer Society, Vermijd Voorlopig Visolie Tijdens De Chemotherapie // Temporarily Avoid Fish Oil 
During Chemotherapy, 11 A.D.

11.  Y. Shaked, A. Ciarrocchi, M. Franco, C.R. Lee, S. Man, A.M. Cheung, D.J. Hicklin, D. Chaplin, F.S. 
Foster, R. Benezra, and R.S. Kerbel, Therapy-induced acute recruitment of circulating endothelial 
progenitor cells to tumors, Science 313 (2006) pp. 1785-1787.

12.  Y. Shaked, T. Tang, J. Woloszynek, L.G. Daenen, S. Man, P. Xu, S.R. Cai, J.M. Arbeit, E.E. Voest, D.J. 
Chaplin, J. Smythe, A. Harris, P. Nathan, I. Judson, G. Rustin, F. Bertolini, D.C. Link, and R.S. Kerbel, 
Contribution of granulocyte colony-stimulating factor to the acute mobilization of endothelial precursor 
cells by vascular disrupting agents, Cancer Res. 69 (2009) pp. 7524-7528.

13.  A.F. Welford, D. Biziato, S.B. Coffelt, S. Nucera, M. Fisher, F. Pucci, S.C. Di, L. Naldini, P.M. De, G.M. 
Tozer, and C.E. Lewis, TIE2-expressing macrophages limit the therapeutic efficacy of the vascular-
disrupting agent combretastatin A4 phosphate in mice, J. Clin. Invest 121 (2011) pp. 1969-1973.

14.  F. Farace, C. Massard, E. Borghi, J.M. Bidart, and J.C. Soria, Vascular disrupting therapy-induced 
mobilization of circulating endothelial progenitor cells, Ann Oncol 18 (2007) pp. 1421-1422.

15.  M. Taylor, F. Billiot, V. Marty, V. Rouffiac V, P. Cohen, E. Tournay, P. Opolon, F. Louache, G. Vassal, C. 
Laplace-Builhé, P. Vielh, J.C. Soria, F. Farace, Reversing resistance to vascular-disrupting agents by 
blocking late mobilization of circulating endothelial progenitor cells, Cancer Discov. 5 (2012) pp. 434-49.

16.  D. Hanahan, G. Bergers, and E. Bergsland, Less is more, regularly: metronomic dosing of cytotoxic 
drugs can target tumor angiogenesis in mice, J Clin Invest 105 (2000) pp. 1045-1047.

2012129 proefschrift Laura van Hussen.indd   161 05-03-13   16:25



cHapteR 10

2012129 proefschrift Laura van Hussen.indd   162 05-03-13   16:25



List of puBLications
cuRRicuLuM Vitae

acKnoWLedGeMents

2012129 proefschrift Laura van Hussen.indd   163 05-03-13   16:25



164

LIst oF PUbLICAtIons

Treatment-induced host-mediated mechanisms reducing the efficacy of antitumor therapies.
Daenen LGM, Houthuijzen JM, Cirkel GA, Roodhart JML, Shaked Y, Voest EE.
Oncogene. In press. Review.

Radio frequency ablation combined with interleukin-2 induces an antitumor immune 
response to renal cell carcinoma in a murine model.
Kroeze SG, Daenen LGM, Nijkamp MW, Roodhart JML, de Gast GC, Bosch JL, Jans JJ.
J Urol. 2012 Aug;188(2):607-14.

The role of mesenchymal stem cells in anticancer drug resistance and tumour progression.
Houthuijzen JM, Daenen LGM, Roodhart JML, Voest EE.
Br J Cancer. 2012 Jun 5;106(12):1901-6. Review.

Chemotherapy enhances metastasis formation via VEGFR-1-expressing endothelial cells.
Daenen LGM, Roodhart JML, van Amersfoort M, Dehnad M, Roessingh W, Ulfman LH, 
Derksen PW, Voest EE.
Cancer Res. 2011 Nov 15;71(22):6976-85. 

Mesenchymal stem cells induce resistance to chemotherapy through the release of 
platinum-induced fatty acids.
Roodhart JML, Daenen LGM, Stigter EC, Prins HJ, Gerrits J, Houthuijzen JM, Gerritsen 
MG, Schipper HS, Backer MJ, van Amersfoort M, Vermaat JS, Moerer P, Ishihara K, 
Kalkhoven E, Beijnen JH, Derksen PW, Medema RH, Martens AC, Brenkman AB, Voest EE.
Cancer Cell. 2011 Sep 13;20(3):370-83. 

Finding predictive biomarkers for anti-VEGF treatment: a mission impossible? 
Daenen LGM, Voest EE. 
American Society of Clinical Oncology, annual meeting 2011. Educational Book Chapter.

Combining antiangiogenic drugs with vascular disrupting agents: rationale and mechanisms 
of action. 
Shaked Y, Nathan P, Daenen LGM, Kerbel RS.
In: Vascular Targeting Therapy for Cancer. Ed. Tim Meyers, Springer New York, pp 117-134. 
Book Chapter.

Vascular disrupting agents (VDAs) in anticancer therapy.
Daenen LGM, Roodhart JML, Shaked Y, Voest EE.
Curr Clin Pharmacol. 2010 Aug;5(3):178-85. Review.

Low-dose metronomic cyclophosphamide combined with vascular disrupting therapy 
induces potent antitumor activity in preclinical human tumor xenograft models.
Daenen LGM, Shaked Y, Man S, Xu P, Voest EE, Hoffman RM, Chaplin DJ, Kerbel RS.
Mol Cancer Ther. 2009 Oct;8(10):2872-81.

CHAPTER 10

2012129 proefschrift Laura van Hussen.indd   164 05-03-13   16:25



165

10

LIST OF PUBLICATIONS

Contribution of granulocyte colony-stimulating factor to the acute mobilization of endothelial 
precursor cells by vascular disrupting agents.
Shaked Y, Tang T, Woloszynek J, Daenen LGM, Man S, Xu P, Cai SR, Arbeit JM, Voest 
EE, Chaplin DJ, Smythe J, Harris A, Nathan P, Judson I, Rustin G, Bertolini F, Link DC, 
Kerbel RS.
Cancer Res. 2009 Oct 1;69(19):7524-8. 

Translating preclinical findings of (endothelial) progenitor cell mobilization into the clinic; 
from bedside to bench and back.
Roodhart JML, Langenberg MH, Daenen LGM, Voest EE.
Biochim Biophys Acta. 2009 Aug;1796(1):41-9. Review.

Rapid chemotherapy-induced acute endothelial progenitor cell mobilization: implications 
for antiangiogenic drugs as chemosensitizing agents.
Shaked Y, Henke E, Roodhart JML, Mancuso P, Langenberg MH, Colleoni M, Daenen 
LGM, Man S, Xu P, Emmenegger U, Tang T, Zhu Z, Witte L, Strieter RM, Bertolini F, Voest 
EE, Benezra R, Kerbel RS.
Cancer Cell. 2008 Sep 9;14(3):263-73.

Mobility of the von Hippel-Lindau tumor suppressor protein is regulated by kinesin-2.
Mans DA, Lolkema MP, van Beest M, Daenen LGM, Voest EE, Giles RH.
Exp Cell Res. 2008 Apr 1;314(6):1229-36.

2012129 proefschrift Laura van Hussen.indd   165 05-03-13   16:25



166

CHAPTER 10

2012129 proefschrift Laura van Hussen.indd   166 05-03-13   16:25



167

10

CURRICULUM VITAE  

CUrrICULUm VItAe

Laura Daenen was born in Groningen, the Netherlands, on October 
25th 1983. From very early age, Laura was convinced that she 
would grow up to be a medical doctor. After graduating cum laude 
at the Praedinius Gymnasium in Groningen, she initiated her medical 
study at Utrecht University. In 2006 she performed her first research 
elective on the von Hippel-Lindau tumor suppressor gene under 
supervision of dr. Rachel Giles. Captivated by research, she 
subsequently spent 9 months in the laboratory of prof. dr. R.S. 
Kerbel at Sunnybrook Health Sciences Centre in Toronto, Canada, 
focusing on strategies to reduce tumor regrowth after treatment 
with a novel class of anticancer drugs, the Vascular Disrupting 

Agents. For her achievements, she was awarded the biannual Junior Dr. Saal van 
Zwanenberg Prize and the Talma Eijkman award of the faculty of Medicine, Utrecht 
University. After completing medical school early 2009, Laura entered the residency 
program of Internal Medicine under supervision of prof. dr. D.H. Biesma. Before initiating 
her clinical training, she continued the scientific research presented in this thesis under 
supervision of prof. dr. E.E. Voest, for which she was granted the MD PhD / Alexandre 
Suerman scholarship of the UMC Utrecht. In 2010 she received an AGIKO grant from The 
Netherlands Organisation for Scientific Research (ZonMw by NWO). In January 2013 Laura 
started the first three years of her residency program under supervision of dr. A.B.M. Geers 
at the St. Antonius Hospital, Nieuwegein. The program will be completed in the UMC 
Utrecht under supervision of prof. dr. M.M.E. Schneider. Laura is married to Lodewijk van 
Hussen.

2012129 proefschrift Laura van Hussen.indd   167 05-03-13   16:25



168

CHAPTER 10

2012129 proefschrift Laura van Hussen.indd   168 05-03-13   16:25



169

10

ACKNOWLEDGEMENTS

ACknowLedgements

Dit proefschrift had nooit in deze vorm kunnen verschijnen zonder de hulp van vele mensen. 
Een aantal van hen wil ik hier graag expliciet bedanken. Talrijk zijn echter ook degenen die 
zelf niet beseffen dat ze een bijdrage leverden, maar die mij hielpen door een terloopse 
opmerking of een antwoord op een gerichte vraag mijnerzijds. Ik kan hen niet allemaal 
noemen, maar betuig dat ik hen niet vergeten ben. 

Prof. dr. E.E. Voest, beste Emile, onze kennismaking vond plaats toen ik als vierdejaars 
student met jou kwam praten over het doen van onderzoek. Na 10 minuten bood je me 
een plaats voor een jaar aan in het lab, take it or leave it. Dit moment bleek achteraf 
karakteristiek voor jouw mentaliteit. In de jaren die volgden wist je momenten van twijfel 
of stress bij mij steeds uit de weg te ruimen door een stortvloed van optimisme en in mij 
gesteld vertrouwen. De periode waar ik nu op terugkijk is er mede daardoor één geweest 
van persoonlijke ontwikkeling. Jouw vermogen om de grote lijnen te zien en altijd de link 
te maken tussen lab en kliniek heb ik als heel inspirerend ervaren, en daarmee heb je je 
stempel gedrukt op dit proefschrift. Daarnaast was de samenwerking heel prettig, met 
altijd ruimte voor een grap. 

Dr. R.H. Giles, beste Rachel, jij hebt mij kennis laten maken met de grote hoogten en de 
diepe dalen van de wetenschap. Tot op de dag van vandaag bewonder ik je werklust en je 
creativiteit, en ben ik blij dat je deur altijd open staat. Dank voor al het geduld dat je 
geïnvesteerd hebt om een arts om te vormen tot een (basaal) wetenschapper. Als lid van 
de leescommissie is het nu aan jou om te beoordelen of dit gelukt is. 

Prof. dr. R.H. Medema, beste René, in de beginperiode van mijn onderzoek zat ik vaak met 
open mond te luisteren naar de scherpte en relevantie van jouw commentaar. Ondertussen 
ben ik eraan gewend was dat jij altijd een paar meter voorsprong neemt op het 
wetenschappelijk peloton. Tijdens Emiles sabbatical heb ik dat van dichtbij mee mogen 
maken. Dank voor je begeleiding, en voor het plaatsnemen in de leescommissie.

Prof. dr. R.S. Kerbel, dear Bob, it was a great privilege to be trained by you, and it has 
opened a lot of doors for me. I look back on the period in your lab with great pleasure and 
excitement. Thank you for coming all the way from Toronto to be part of my defense.

Dr. Y. Shaked, dear Yuval, working with you in Toronto often felt like a rollercoaster ride! 
Your enthusiasm and your love of science has been a big inspiration throughout my PhD, 
resulting in a number of joint publications. 

prof. dr. I.H.M. Borel Rinkes en Prof. dr. J.H. Beijnen, u wil ik hartelijk danken voor het 
kritisch beoordelen van het manuscript en voor uw bereidheid zitting te nemen in de 
leescommissie. 

Dr. J.M.L. Roodhart, lieve Jeanine, mijn paranimf. Jij hebt de PIFA lijn opgestart en daarmee 
het pad geëffend voor mij en velen na mij. Onze samenwerking heeft tot een dierbare 
vriendschap geleid, en heeft de basis gevormd voor het werk beschreven in dit proefschrift. 
Jouw weloverwogen beslissingen bleken complementair aan mijn enthousiasme. De lange 

2012129 proefschrift Laura van Hussen.indd   169 05-03-13   16:25



chapter 10

170

dagen samen op het lab en de congressen in Amerika liggen achter ons, maar voor ons 
liggen jaren samen in de kliniek. Ik kijk er naar uit! 

Al mijn directe collega’s van het laboratorium Medische Oncologie. Mijn ‘voorgangers’ 
Marlies Langenberg en Joost Vermaat, ik ben blij dat ik nu in jullie voetsporen kan treden. 
Stephanie Kroeze, naast alle gezelligheid ook nog samen publiceren, dat is wel iets op trots 
op te zijn! Julia Houthuijzen, jij gaat recht op je doel af, dat zal het PIFA project ongetwijfeld 
tot grote hoogte brengen. Onze succesvolle samenwerking het afgelopen jaar is voor mij 
heel belangrijk geweest. Ilse Oosterom, van jouw doorzettingvermogen en muizen-
administratie kan ik nog heel veel leren! Dank voor de gezelligheid. Geert Cirkel, ik 
bewonder hoe jij je van ras-clinicus in rap tempo ontwikkelt tot translationeel onderzoeker. 
Dank voor je hulp bij de visolie studie. Marco Koudijs, vanaf het begin ben jij een grote 
aanvulling voor de Voest groep, zowel in werkbesprekingen als tijdens borrels. Miranda 
van Amersfoort, dank voor je hulp met de muizen en voor het luisterend oor. Livio Kleij, 
jouw technische ondersteuning is echt onmisbaar geweest. Ik ben je heel dankbaar dat je 
altijd klaarstond, ook als ik je ’s avonds laat belde bij problemen met FACS of confocal.
Ook Sander Basten, Nicolle Besselink, Patrick Derksen, Christa Gadellaa-van Hooijdonk, 
Milou Tenhagen, Marlous Hoogstraat, Judith Jans, Stef van Lieshout, Dorus Mans, Wijnand 
Roessingh, Ron Schackmann, Robbert van de Ven, Eva Vlug, en alle collega’s uit het 
Medema, Kops en Lens lab, bedankt voor jullie input tijdens werkbesprekingen en jullie 
gezelligheid bij borrels en retraites.

Mijn collega’s van de chirurgie, onder leiding van Onno Kranenburg: Benjamin Emmink, 
Szabolcs Fátrai, Klaas Govaert, Jamila Laoukili, Lutske Lodewijk, Danielle Raats, Kari Trumpi 
en André Verheem dank voor de gezelligheid. Ernst Steller, na samen in de PhD commissie 
van de CTO onderzoeksschool nu samen als dokter in het Antonius. Dank voor de vele 
discussies waarin het altijd maar de vraag was wie het langst zijn standpunt bleef 
verdedigen. Ook de oude garde met Menno de Bruijn, Frederik Hoogwater, Winan van 
Houdt, Maarten Nijkamp en Nikol Snoeren, dank voor jullie input en gezelligheid.

De studenten die mij geholpen hebben: Laura Kruijssen, Sabina de Lange. Jennifer Jongen, 
het visolie onderzoek sloot naadloos aan bij jouw vooropleiding. Heel veel plezier in het 
traject dat nu voor je ligt. Fabian Kruse, thank you for all your efforts in finalizing chapter 4 
of this thesis.

Mijn dank gaat ook uit naar iedereen die mij geholpen heeft met de visolie studie. In de 
eerste plaats de vrijwilligers. Ik had nooit verwacht dat ik 36 mensen bereid zou vinden 
om (meermaals) deel te nemen. Veel dank dat jullie je lot in mijn handen durfden te leggen! 
Roelien Kronemeijer was absoluut onmisbaar bij het uitwerken van het protocol en het 
doorlopen van de METC procedure. Dank voor al je hulp en interesse in de voortgang van 
de studie. Sonja Verkleij, ondanks de drukte op de afdeling wist jij altijd een gaatje vrij te 
maken voor de visolie studie. Mijn dank gaat ook uit naar de ondersteuning door Nadine 
Korving, Joline Claassen en het gehele studieteam, waarbij ik Heleen Klein Woltering, 
Esther van Schelven en José Koldenhof graag met naam wil vermelden. Last but not least: 
Tineke Baeten, jij kent geen stress! Dankzij jou verliep de logistiek van de studie elke keer 
voorspoedig. 

2012129 proefschrift Laura van Hussen.indd   170 05-03-13   16:25



171

10

ACKNOWLEDGEMENTS

De PIFA metingen werden gedaan in het lab van de afdeling Metabole Ziekten in het WKZ. 
In de beginjaren hebben Arjan Brenkman en Edwin Stigter de moeilijke taak volbracht om 
de PIFAs te identificeren en een betrouwbare analyse methode te ontwikkelen. Recent 
werd dit overgenomen door Nanda Verhoeven en Johan Gerrits. Jullie ben ik zeer erkentelijk 
voor de accuratesse waarmee de grote hoeveelheden samples verwerkt werden, en voor 
het meedenken. Ik hoop dat de samenwerking in de toekomst op deze prettige manier 
voortgezet kan worden. 

Alle medewerkers van het GDL wil ik bedanken voor de ondersteuning bij de dierproeven, 
in het bijzonder Helma Avezaat, Jannico den Breejen, Romy van Geffen, Anja van der Sar, 
Jan Smits, Wout Puijk en Sabine Versteeg, alsook proefdierdeskundigen Harry Blom en 
Fred Poelma. Ook de medewerkers van de biobank, Jan Beekhuis, Jan Willem van Ginkel, 
Natalie ter Hoeve en Martijn van Osch, bedankt voor al het werk dat jullie verzet hebben, 
de flexibiliteit en de gezelligheid. 

Lieve ‘promovendi met een rugzakje’, Alexandre Suerman lichtingen 2010 en 2011. De 
halfjaarlijkse retraite was altijd een hoogtepunt. Lucette Teurlings, dank voor de 
betrokkenheid en organisatie.

Sven Rottenberg, thank you for your scientific input and the opportunity to perform 
experiments in the BRCA-deficient mouse models in the NKI-AVL. Ariena Kersbergen, klaar 
voor het grote avontuur? Dank je voor al je hulp als ik niet op twee plaatsen tegelijk kon 
zijn. 

De oncologen in het UMC Utrecht, Rhodé Bijlsma, Alexander de Graeff, Gerard 
Groenewegen, Miriam Koopman, Martijn Lolkema, Quirine van Rossum, Filip de Vos, Elsken 
van der Wall, Els Witteveen en de fellows, hartelijk dank voor jullie interesse in mijn 
onderzoek. Martijn, dank voor de kritische kanttekeningen tijdens werkbesprekingen.

Alice Tondeur kan in dit dankwoord niet ontbreken. Dank voor je organisatorische hulp in 
de voorbereiding van mijn promotie, en uiteraard ook in de jaren daarvoor.

Mijn collega arts-assistenten en stafleden van de Interne Geneeskunde van het St. Antonius 
Ziekenhuis, dank voor het fijne begin van mijn opleiding. Dr. A.B.M. Geers, ik kijk uit naar 
de komende jaren in de kliniek met uw begeleiding.

Eline de Jonge, hartelijk dank voor de toestemming om één van jouw schilderijen op de 
cover van dit proefschrift te zetten. 

Mijn schoonfamilie, lieve Kees en Babs, Bar en Jan, Nick en Willemijn. Met trots draag ik 
de naam van Hussen! Dank voor alle warmte en betrokkenheid in de afgelopen jaren. 

Lieve papa en mama, jullie contributie aan dit proefschrift laat zich niet in een paar regels 
vangen, en gaat veel verder dan jullie onvoorwaardelijke steun gedurende de afgelopen 4 
jaar. Ik ben heel trots dat papa straks ook letterlijk achter mij staat als mijn paranimf. Lieve 
Veerle, helaas is het voor jou onmogelijk om erbij te zijn, maar je betrokkenheid is letterlijk 
grenzeloos.

2012129 proefschrift Laura van Hussen.indd   171 05-03-13   16:25



chapter 10

172

Lieve Lo, meer dan wie dan ook heb jij bijgedragen aan het tot stand komen van dit 
proefschrift. Ik wil je bedanken voor al je geduld wanneer ik me weer eens in het onderzoek 
had vastgebeten. Jij motiveert mij om het beste in mezelf naar boven te halen, maar met 
je humor en relativeringsvermogen weet je mij ook af te remmen als dat nodig is. Je maakt 
mijn leven tot een groot feest, en ik ga er van uit dat dat nog heel veel jaren zo blijft!
 

   Laura

2012129 proefschrift Laura van Hussen.indd   172 05-03-13   16:25


