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Chapter 9

Introduction
Radiation therapy (RTx) has been an important anti-cancer treatment modality for over 100
years. Technical advances have led to more accurate targeting and dosing of the ionizing
radiation which has improved the anti-tumor effect and reduced unwanted side effects in
normal tissue. Increasing insight in the cellular mechanisms underlying the response to RTx
has provided opportunities for the development of radiosensitizing drugs. For example, the
main anti-tumor effect of RTx is the induction of an excess of DNA-damage, resulting in cell
death or senescence. Consequently, the combination of RTx with drugs that inhibit DNArepair has been recognized as a promising combination therapy (1-3). Indeed, pre-clinical
studies demonstrate improved tumor growth inhibition when these treatment modalities are
combined (3-7). Research has demonstrated that RTx not only causes DNA-damage, but also
affects processes in the tumor micro-environment, such as the immune response and the
formation of new blood vessels, i.e. angiogenesis (8-11). Regarding the combination of RTx
with angiogenesis inhibition, pre-clinical research has demonstrated a potential benefit (1215). However, since the mechanisms underlying this effect are still elusive, little is known about
the optimal dose scheduling for the combination therapy. Together with rare but severe side
effects observed in patients, lack of mechanistic insight hampers the clinical implementation
(16-18). Therefore, the research described in this thesis was aimed to 1) Study the effects of RTx
on tumor angiogenesis and 2) Investigate the efficacy of different treatment schedules of the
combination treatment of angiogenesis inhibition and RTx. Here, we discuss the novel insights
obtained during our research. These insights are put in broader perspective with the current
literature. In addition, we present the opportunities and future challenges of combining RTx
with anti-angiogenic drugs.

The effect of radiation therapy on tumor angiogenesis
To better understand the effects of RTx on angiogenesis we used the chicken chorioallantoic
membrane (CAM) assays as an in vivo model. We observed that mature and larger vessels
were more resistant to single dose RTx as compared to the immature and smaller vessels. It
has been described before that the established vasculature is more resistant to RTx. This can be
explained by the low proliferation rate of endothelial cells (i.e. cells that align the blood vessel)
of these vessels (19;20). However, the proliferation rate of endothelial cells in the tumor is up
to 20 times higher than in normal tissue, due to the constant stimulation of pro-angiogenic
factors (20). Their proliferation rate is however still a 3 fold lower than of the cancer cells,
making them less sensitive to RTx (21). This differential sensitivity of endothelial and cancer
cells could be beneficial to the anti-tumor effect of RTx (22). If blood vessels are less sensitive
to RTx the oxygenation of the tumor is maintained during therapy which is important for tumor
radiosensitivity. Thus, the well oxygenated remaining cancer cells are more sensitive to the next
fraction of RTx treatment. Although this principle is recognized as one of the Rs of radiation
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therapy (reoxygenation), the beneficial effect only applies to fractionated RTx. In fact, it could be
argued that reoxygenation counteracts single dose RTx because tumor cells that survive the RTx
may proliferate more rapidly in a well oxygenated environment. This provides an opportunity
to improve the efficacy of single dose RTx with an anti-angiogenic drug. Indeed, in chapter 5
we describe that sunitinib given after single dose RTx enhanced the anti-tumor effect.
Since the most frequently applied RTx schedule in the curative setting is fractionated RTx
we also studied the effect of fractionated RTx on angiogenesis and tumor perfusion (Chapter
6). Using a human xenograft model in nude mice we found that fractionated RTx enhances
the tumor perfusion 2 weeks after start of treatment, and reduced tumor hypoxia. While it has
been described that these observations occur after completion of fractionated RTx (23;24),
our data indicate that it already occurs during the course of RTx. As discussed above, the
enhanced perfusion could sensitize the cancer cells to subsequent doses of RTx. However, we
also observed cancer cell repopulation in the center of the tumor, which was mainly necrotic in
the non-irradiated tumor. Cancer cell repopulation has been recognized as an important cause
of treatment failure (25). Our results demonstrate that application of sunitinib after start of
fractionated RTx reduced the tumor perfusion and prevented the increase in viable tissue in the
centre of the tumor (chapter 6). These data suggest that it is beneficial to use anti-angiogenic
drugs to interfere with enhanced tumor perfusion during fractionated RTx.
Regarding the mechanism(s) underlying the increased tumor perfusion, we found that
fractionated RTx induces cancer cells to produce multiple pro-angiogenic factors, both in vitro
and in vivo (Chapter 6) (26;27). While we also observed an induction of these growth factors after
single dose RTx, the induction was much smaller than after fractionated RTx. The mechanism
underlying this difference remains elusive. An explanation could be that the relatively low dose
irradiation during fractionated treatment triggers activation of survival pathways in the cancer
cell that result in enhanced expression of pro-angiogenic factors. For example, we demonstrate
that cancer cells have the capacity to activate type I IFN response after fractionated RTx,
without the interference of immune cells (Chapter 8). This activation appears to be induced
via the STING signaling pathway, similar as described in immune cells. While previous studies
indicate that stimulation of the IFN pathway inhibits tumor growth, other studies describe that
certain IFN-inducible genes are involved in radioresistance of a tumor (28-30). Interestingly,
it has been described that activation of the STING pathway also results in activation of NFκB signaling (31). NF-κB is a pro-survival factor and also known to induce the expression of
pro-angiogenic factors, including vascular endothelial growth factor (VEGF), thereby inducing
angiogenesis (32-34). In concordance, blockade of NF-κB reduces the expression of VEGF and
consequently tumor angiogenesis (33;35). The induction of type I IFN response could thus be
related to the enhanced tumor perfusion during fractionated RTx.
While at the end of fractionated RTx the accumulated high dose will have killed most
cancer cells, we also demonstrate in vitro that after 10x 2 Gy, the surviving cancer cells become
more resistant to RTx, reaching a plateau after 20 fractions (chapter 8). The surviving cells
express high levels of pro-angiogenic factors and IFN related genes that could induce tissue
171
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revascularization and tumor regrowth. An approach to counteract such a response would be
the application of higher dose fractions, i.e. hypofractionation. The rational behind regular
fractionated RTx is to allow repair of normal tissue damage, while damage of tumor cells
accumulate over several fractions. Since technical advances in radiation therapy allow more
precise targeting of the tumor tissue while sparing normal tissue, hypofractionation has
demonstrated promising effects for several tumor types (36-38). However, the concern for
normal tissue damage still exists (36) and it would therefore be valuable to study how to
enhance the anti-tumor effect of fractionated RTx with anti-angiogenic drugs.

Optimizing the treatment schedule of angiogenesis inhibition and RTx
In chapter 5 we describe that sunitinib given after single dose RTx enhanced the anti-tumor
effect. Interestingly, less effect was reached when RTx was given half way sunitinib treatment.
In addition, RTx after sunitinib had no beneficial effect compared to sunitinib alone. The
latter appears to conflict with the literature where it has been described that also angiostatic
treatment before RTx can potentiate the effect of RTx by inducing vascular normalization (39;40).
Normalization of the tumor vasculature improves perfusion and tumor oxygenation (41), thereby
enhancing radiosensitivity (42). However, the time window of vascular normalization lasts only
for a few days, after which the tumor vasculature regresses and oxygenation decreases (41;43).
The absence of a positive effect when applying sunitinib prior to RTx in our study might thus
be related to inappropriate timing of both treatment schedules, as also described in another
study (44). The importance of proper timing illustrates a potential pitfall for attempts to exploit
vascular normalization in the clinical setting. To this point, evidence for the occurrence of a
vascular normalization window in tumors in patients is lacking. Besides, given the short time
frame of the vascular normalization it will be difficult to schedule the RTx within this window.
In addition, too long anti-angiogenic treatment could induce hypoxia and thus counteract the
RTx, which has been described in a clinical study (45). We therefore favor the view that antiangiogenic drugs given before RTx in the clinical setting is not a feasible strategy.
Clinicians have been reluctant to combine RTx with anti-angiogenesis therapy due
to observed severe side effect, such as gastro-intestinal perforations or fatal hemorrhages
(16;46;47). While these side effects also occur with monotherapy of angiostatic drugs, their
severity and frequency seems to enhance in combination with RTx (17;48-50). As expected,
in phase I trials that combined sunitinib and RTx, it was demonstrated that a lower dose of
sunitinib was also associated with fewer and less severe side effects (51;52). The difference
in therapeutic efficacy of the reduced sunitinib dose has never been explored. We now
demonstrate in vivo that in combination with RTx, reducing the sunitinib dose by 50% results in
an equal tumor growth inhibition compared to full dose sunitinib (Chapter 5). In addition, when
applied after RTx, low dose sunitinib significantly enhanced the anti-tumor effect (Chapter 6).
Our results indicate that this might be related to inhibition of the enhanced perfusion and
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expression of pro-angiogenic factors, observed during fractionated RTx. However, beneficial
effect of low dose sunitinib was also observed after single dose RTx, although we did not
observe enhanced perfusion after single dose RTx. While it has been demonstrated before
that single dose RTx does enhance tumor perfusion at a later time point (24;53), there are also
other possible mechanisms that could contribute to the enhanced effect of angiostatic therapy
after RTx (briefly discussed in chapter 4). This includes enhanced cancer cell apoptosis after
RTx through inhibition of the AKT/ERK pathway by sunitinib (54). It has also been shown that
sunitinib decreases NF-κB signaling, which would hamper multiple cell-survival mechanism
(55;56). In addition, it has been described in vivo that both RTx and angiostatic therapy enhance
the anti-tumor immune response (10;57-59). Whether they potentiate each other remains a
subject for future research.

Figure 1. Overview of possible mechanisms leading to beneficial anti-tumor effect with the combination of
sunitinib and radiation therapy.

In order to investigate the contribution of the immune response to the beneficial effect
of the combination therapy, a feasible and immune competent in vivo tumor model should
be chosen. In the research described in this thesis, we have used two in vivo tumor models, 1)
tumors grafted on the CAM (Chapters 3 and 5) and 2) tumor xenografts in balb/c nude mice
(Chapters 6 and 8). Both tumor models lack a fully competent immune system. The chicken
embryos develop their immune system around embryonic development day (EDD) 14, which
allows tumor grafting during early embryogenesis. Tumor graft rejection starts from EDD19 (60).
Balb/c nude mice are thymic deficient, and lack therefore a sufficient T-lymphocyte response
(61), which prevents the rejections of tumor xenografts. Consequently, these tumor models
do not allow proper analysis of the involvement of the immune system. The use of immunecompetent mice with a syngeneic murine tumor model would be useful to gain more insight
in the role of the immune system in the combination therapy. The use of such tumor models
would also be valuable to get more insight in the pro- or anti-tumor effect of the interferon
(IFN) response induced by fractionated RTx (Chapter 8).
173
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Combination therapy in the clinical setting
Our preclinical studies indicated that dose reductions of angiostatic drugs do not affect
therapeutic efficacy when combined with RTx (chapter 5). Applying low dose angiostatic drugs
will cause less severe side effects, making it safer to combine the drug with RTx. These results
justify the design of a clinical trial exploring the efficacy of dose reductions during combination
therapy. However, the effects of fractionated RTx on the tumor vasculature and pro-angiogenic
factor expression in patients are not well studied (62). We have therefore initiated a clinical
pilot study to determine the angiogenic alterations in the tumor during fractionated RTx, in
patients with esophageal cancer patients that receive both neo-adjuvant chemotherapy and
RTx. A better understanding of the treatment effects on tumor angiogenesis is essential in
order to design feasible combination treatment schedules for following clinical trials.
While we stated above that anti-angiogenic treatment should be given after the start
of RTx, it will still be difficult to implement this schedule for the right patient groups. Often,
patients receive fractionated RTx before surgery. A surgical procedure is a contraindication
for simultaneously applying angiostatic drugs since this would also inhibit physiological
angiogenesis, which could affect wound healing after surgery. Thus, anti-angiogenic treatment
after fractionated RTx is not suitable when it is given before surgery. In addition, patients often
receive chemotherapy during fractionated RTx. This combination could affect the pro-angiogenic
response. Our current clinical pilot study will give insight in the influence of chemoradiation
on the pro-angiogenic response. But until then, it will be challenging to translate the current
findings regarding the optimal combination schedule to patient receiving chemoradiation.
More suitable patients would be those who receive adjuvant fractionated RTx after surgery,
for example certain breast cancer patients. In addition, we demonstrate that anti-angiogenic
drugs also enhance the therapeutic efficacy of single dose RTx. This has a major implication
for patients that receive single dose RTx in the palliative setting, for example for pain relief of
metastases. Since the RTx is then often applied as monotherapy, it will be easier to implement
the combination with anti-angiogenic drugs.
While we have counteracted the increased tumor perfusion with sunitinib, many other
anti-angiogenic drugs are available or currently being developed. Several combination therapies
have been discussed in chapter 1, including RTx with bevacizumab or sorafenib. Bevacizumab is
a monoclonal anti-body against VEGF (63). Its target mechanism is thus more specific than the
multi-tyrosine kinase receptor inhibitors sunitinib or sorafenib. While we have studied the effect
of sunitinib on tumor perfusion, it is likely that sunitinib also targets other cellular mechanisms,
such as proliferation and apoptosis, thereby improving the efficacy of RTx. Bevacizumab may
affect fewer mechanisms that could benefit the RTx. Due to their different mechanisms of
action, dose schedules for the combination treatment with RTx should be carefully studied for
each anti-angiogenic drug separately. In addition, carefully selecting the right tumor type for
the right patient group should be another focus. While the pre-clinical studies suggest that
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RTx enhances the tumor sensitivity for the anti-angiogenic drug, pre-existing sensitivity for the
drug likely benefits the anti-tumor effect of the combination therapy.
Besides directly targeting the VEGF-pathway with an anti-angiostatic drug, the research
described in this thesis also gives a rational to target other signaling pathways. Inhibition of the
IFN response could for example lead to radiosensitization of the cancer cells. On the other hand,
as discussed above, it might also inhibit the anti-tumor immune response, thereby hampering
the anti-tumor efficacy. A better target may therefore be NF-κB activity, potentially reducing
cancer cell proliferation and tumor perfusion via several down-stream pathways. However,
a clinically approved inhibitory drug for this pathway is not yet available, which makes fast
translation to the clinical setting difficult.
Taken together, the research described in this thesis has provided novel insights in the
understanding of the effects of RTx on angiogenesis. We demonstrate that:
1) RTx enhances the tumor sensitivity to the anti-angiogenic drug
2) The effectiveness of the combination therapy is not hampered with a lower dose of the antiangiogenic drug
3) The combination therapy is effective with both single dose and fractionated RTx
4) The STING/IFN signaling axis plays an important role in the response to fractionated RTx.
All these findings provide opportunities for designing optimal treatment schedules for
the combination therapy. However, several important challenges remain in order to successfully
implement this combination therapy in the clinical setting. These include:
1) Selecting the right patients
2) Designing drug-specific treatment schedules to maximize the therapeutic effect
3) Determining the right dose of the anti-angiogenic drug
4) Further exploration of the mechanisms of action other than the interaction on tumor
perfusion for the combination therapy.
Overall, the combination of RTx with angiostatic drugs deserves further pre-clinical and
clinical investigation in order to improve the efficacy of RTx as this will benefit many cancer
patients.

9
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