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Abstract
Tumors are supported by blood vessels and it has long been debated whether their response to
irradiation is affected by radiation damage to the vasculature. We have shown in preclinical
models that, indeed, radiation is damaging to the tumor vasculature and strongly inhibits tumor
angiogenesis. However, the vasculature can recover by colonization from circulating cells,
primarily pro-angiogenenic CD11b+ monocytes/macrophages from the bone marrow. This
secondary pathway of blood vessel formation, known as vasculogenesis, thus acts to restore the
tumor vasculature and allows the tumor to recur following radiation. The stimulus for the influx of
these CD11b+ cells into tumors following irradiation is increased levels of hypoxia inducible
factor-1 (HIF-1) in the tumor due to induced tumor hypoxia secondary to blood vessel loss. This
increases tumor levels of the chemokine stromal cell-derived factor-1 (SDF-1), which has
chemokine receptors CXCR4 and CXCR7 on monocytes and endothelial cells thereby capturing
these cells in the tumors. The increase in CD11b+ monocytes in tumors following irradiation can
be prevented using antibodies or small molecules that inhibit HIF-1 or the interaction of SDF-1
with its receptors. We show that the effect of inhibiting these chemokine/chemokine receptor
interactions is a marked increase in the radiation response of transplanted or chemically induced
tumors in mice and rats. This strategy of inhibiting vasculogenesis following tumor irradiation is a
new paradigm in radiotherapy and suggests that higher levels of local control of tumors in several
sites will be achievable with this strategy.

Endothelial Cells in Tumors: Are they a Target for Radiotherapy?
It is now widely appreciated that tumors comprise many cells of host origin in addition to
tumor cells and these can influence tumor progression. Among the most important of these
are macrophages, endothelial cells, pericytes, dendritic cells, neutrophils, fibroblasts and
lymphocytes. Some of these can promote and some can inhibit tumor growth, survival and
spread (see recent review (1). Yet, until recently radiobiologists and radiation oncologists
have ignored the presence of such cells, calculating the dose needed to control tumors from
log cell kill using the radiation survival characteristics of the tumor cells derived either from
in vitro or in vivo data and from the number of tumor cells needed to transplant the tumors.
In some cases this has been successful (2-4), but in others less so (5). Nonetheless, the
dogma in radiation oncology circles has been (and largely remains) that tumor control
depends solely on the survival of the tumor cells to radiation, with accommodation being
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made to the possibility of an immune response, which is considered not to affect the survival
of the tumor cells but rather the number of tumor cells needed to regrow the tumor.

Some years ago a major challenge to this dogma was mounted by Juliana Denekamp who
pointed out that the vasculature, and in particular the endothelial cells, could be the critical
target for tumor control (6). There were good reasons for this: notably each endothelial cell
supports some 2000 cancer cells, and the proliferation rates of endothelial cells in tumors is
rapid and similar to that of the tumor cells themselves. Thus, unlike the endothelial cells in
normal tissues, they are likely to die rapidly from radiation damage by mitotically linked
death. Given also that there are considerably fewer endothelial cells than tumor cells in
tumors, it makes very good sense that the tumor endothelial cells could be the critical
limiting factor in tumor cure by irradiation.

However plausible is the hypothesis that the radiation dose to eliminate tumors is
determined by killing of the tumor endothelial cells, data published in 1993 provides strong
evidence against it. In this classic study Budach and colleagues determined the TCD50 of 9
different tumors, of both mouse and human origin, in two immunodeficient mouse strains,
nude and SCID (7). The data (Figure 1) show no significant differences between the
TCD50’s in the two strains. The significance of this is the fact that the SCID is
immunodeficient because of an inactivating mutation in the key DNA repair gene DNAPKcs
(which is required for VDJ recombination during T and B cell development), and
consequently all the tissues of the mouse are highly radiosensitive (8). Therefore, as all the
stromal cells of the tumors in the SCID mice, including the endothelial cells, are much more
radiosensitive than those of the nude mice, it follows from these data that the endothelial
cells in particular, and the stromal cells in general, do not contribute to control of these
tumors by irradiation.

But there is a second conclusion that can be drawn from the data in Figure 1. Note that the
TCD50 values are between 40 and 110 Gy – massive single doses even accounting for the
fact that the tumors (and stroma) were made 100% hypoxic by clamping during irradiation.
Given the extreme sensitivity of SCID endothelial cells (9), none of the tumor endothelial
cells could have survived the radiation dose (50 Gy would kill at least 10 logs of SCID
endothelial cells under hypoxia). So how did 50% of the tumors recur following these
doses? The conclusion is inescapable that the surviving tumor cells formed their own blood
vessels or blood vessel forming cells must have migrated to the tumor from outside the
irradiation field.

In 1993 neither of these phenomena had been reported, but 4 years later work from Isner’s
laboratory provided definitive evidence that there were circulating endothelial progenitor
cells (EPCs) that would home to ischemic areas and contribute to neovascularization(10).
Since then there have been numerous preclinical and clinical studies using EPCs to speed
the revascularization of damaged tissue such as occurs in myocardial infarction (11).
However, the significance of the presence of such cells cannot be overstated. First it
explains the data in Figure 1 – the sensitivity of the cells of the tumor vasculature cannot
contribute to the radiosensitivity of the tumor if the vasculature of the tumor can be
“rescued” by circulating EPCs. Second, it means that the dose to control solid tumors might
be significantly less if the EPCs could be prevented from colonizing the tumor following
irradiation.
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Bone marrow derived myelomonocytic cells colonize irradiated tumors and
stimulate tumor regrowth

We performed several studies to identify bone marrow derived endothelial cells that
incorporate into the tumor vasculature involving bone marrow transplantation from sex
mismatched donors, from lacZ mice (used as a reporter gene) and from GFP (green
fluorescent protein) expressing mice. In neither unirradiated tumors, nor irradiated tumors
regrowing after irradiation nor tumors growing in an irradiated bed did we find significant
number of bone marrow derived EPCs in the tumor vasculature (12, 13). This is in line with
work of other investigators who have found few if any bone marrow derived EPCs in the
tumor vasculature with or without irradiation (14-16). However, other investigators have
shown using either orthotopic aortic allografting (17), or a parabiotic mouse system (two
mice joined so as to have a common blood supply) combined with reverse bone marrow
transplantation that non-bone marrow derived circulating ECs home to a sites of active
angiogenesis (18). Thus it is still an open question, and an area of active investigation, as to
the source of the circulating ECs (or EPCs) that may colonize tumors after treatment.

But if the question is still open of whether EPCs colonize tumors after irradiation this is not
the case with bone marrow derived monocytes/macrophages. In 2008 we reported that bone
marrow derived CD11b monocytes (which differentiate into macrophages) were increased in
irradiated mouse tumors as they commenced regrowth and in tumors growing in a pre-
irradiated tissue (12) (Figure 2). These cells are highly pro-angiogenic (19-21). We further
showed that pharmacological or genetic depletion of these cells or of their ability to express
MMP-9 (matrix metallopeptidase-9) reduced the ability of tumors to regrow after irradiation
or grow in a preirradiated site (12, 22). We made similar findings in a human glioblastoma
(GBM) implanted intracranially in nude mice (13), as have others with mouse and xenograft
models after local irradiation (16, 23). Importantly we also found a large increase in CD11b
monocytes in GBM recurrences in patients after irradiation (13). An increase in tumor
associated macrophages (TAMs) has also been seen in experimental tumors and in cancer
patients following chemotherapy (24), and these limit the response to chemotherapy as well
as to vascular disrupting agents (25) and to anti-angiogenic therapy (26). At least for
irradiation the mechanism for the influx of TAMs appears to be the radiation-induced loss of
tumor endothelial cells leading to tumor hypoxia (13, 23). We have shown that inhibition of
HIF-1 (hypoxia inducible factor-1) abrogates this influx of macrophages into irradiated
GBM xenografts and enhances the efficacy of radiation (13).

Targeting the Vasculogenesis Pathway as a Novel Strategy in Radiotherapy
The above studies have led us to formulate a new theory that post-irradiation tumor
recurrences can be prevented, or markedly delayed, by blocking the vasculogenesis pathway
resulting from the influx of circulating proangiogenic cells-CD11b+ monocytes and
endothelial cells - into the tumor. This strategy is based on two concepts as follows:

1. Tumors have two main ways to grow their vasculature: by angiogenesis, or the
sprouting of vessels from pre-existing vessels in the surrounding normal tissues,
and by vasculogenesis, or the formation of blood vessels de novo from circulating
cells. Under normal conditions the angiogenesis pathway is dominant with the
vasculogenesis pathway a minor “backup” pathway.

2. The high doses of radiation delivered in radiotherapy are more than sufficient to
kill the tumor endothelial cells (ECs) in and surrounding the tumor, thereby
abrogating local angiogenesis. Though previous investigators have reported that
radiation inhibits angiogenesis (27-29), the fact that this is an essentially total
inhibition following radiation doses comparable to those given in radiotherapy, this
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can only be seen if the vasculogenesis pathway is blocked at the same time as the
delivery of local irradiation. This we did recently and demonstrated that a single
dose of 15 Gy totally abrogated local angiogenesis in the mouse (12). It is
important to note that our finding that radiation blocks local angiogenesis is not the
same as the proposal of Fuks and Kolesnick that radiation produces a rapid
apoptosis of tumor ECs and vascular shutdown (30). We, and others who have
measured tumor ECs after irradiation, do not see this rapid apoptosis. Rather ECs
disappear slowly after irradiation over several days, consistent with a mitotically
linked death (13, 16, 23, 31). This loss of vasculature appears to be the cause of the
increased tumor hypoxia days after irradiation and the subsequent increase in the
transcription factor HIF-1.

Our theory depends on the supposition that bone marrow derived cells (BMDCs) can
contribute to the vascularization of tumors thereby compensating for the abrogation of
angiogenesis. The evidence for this is substantial. Several authors have shown that bone
marrow-derived endothelial progenitor cells (EPCs) can restore tissue vascularization after
ischemic events in limbs, retina, and myocardium (32, 33). Also mice that cannot mobilize
bone marrow-derived EPCs due to defective Id genes (Id1+/− Id3−/− mice) show a marked
inhibition of the growth of transplanted tumors (34, 35), and normal tumor growth can be
restored by transplanting normal bone marrow into these mice. Nonetheless, there is
substantial controversy as to the functional significance of EPC given the enormous
variation of incorporation into tumor vessels (36). However, there is more established
evidence by several laboratories and by us that innate BMDCs contribute to the formation
and maintenance of tumor vessels (37, 38). Despite this controversy, there is no doubt that
BMDCs contribute to, and/or promote, the tumor vasculature.

How can the influx of these proangiogenic monocytes/macrophages into tumors after
irradiation be prevented? The mobilization and trafficking of bone marrow derived cells to
sites of ischemic injury has been shown to be regulated by HIF-1(39), and the recruitment of
bone BMDCs is markedly reduced in HIF-1 knockout orthotopic GBM (40). Further HIF-1
knockout sensitizes tumors to irradiation without any effect on the intrinsic radiosensitivity
of the tumor cells (41) and pharmacological HIF-1 inhibition also sensitizes tumors to
irradiation (42). Consistent with these results from the literature we showed that post-
irradiation treatment of mice with the HIF-1 inhibitor NSC-134754 markedly sensitizes
intracranial U251 GBM tumors to irradiation and blocks the radiation-induced uptake of
CD11b+ monocytes into the tumors (Figure 3).

However, inhibiting HIF-1 is not an ideal solution as there are no specific inhibitors of this
molecule and even if there were the effects would be highly pleotropic because HIF-1
regulates many genes. So the question becomes “What is the downstream pathway regulated
by HIF-1 that is responsible for the mobilization and capture of the BMDCs into the tumor
after irradiation?” Here again the literature is very helpful. Several investigators have shown
that BMDCs are recruited to and retained in hypoxic normal tissues and in tumors by the
hypoxia-dependent secretion of SDF-1 (stromal cell-derived factor-1, CXCL12), which
binds to its receptor, CXCR4, on BMDCs (39, 43-46). Following these results, we found
that SDF-1 secretion was upregulated under hypoxic condition in vitro, and this upregulation
was abolished by NSC-134754. In our brain implanted GBM, SDF-1 levels in the tumors
rose to a maximum level by 2 weeks after irradiation and then returned to control levels at 4
weeks (13). In addition, we found that local irradiation increased phosphorylation of
CXCR4 in the tumor, indicating interaction of SDF-1 with CXCR4.
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How could this Strategy be Applied in Radiotherapy?
In order to exploit our findings in experimental systems and ultimately in the clinic highly
specific inhibitors of the pathway recruiting vasculature-forming cells are needed, preferably
ones either approved, or being developed, for clinical use. One such inhibitor is AMD3100
(“Plerixafor”), a bicyclam that is a highly specific inhibitor of CXCR4 (47). Originally
developed as a therapy against HIV, AMD3100 was unexpectedly found to mobilize CD34+
hematopoietic stem cells from the bone marrow into the blood stream. The mechanism of
this phenomenon is through its antagonism of the interaction of SDF-1 with CXCR4, an
interaction that is responsible for the retention of hematopoietic stem cells in the bone
marrow. This has led to the major indication for clinical use of the drug, namely
mobilization of hematopoietic stem cells from the bone marrow into the circulation for use
in bone marrow transplantation.

We tested AMD3100 given continuously for 21 days following either single dose (15 Gy) or
fractionated irradiation (5 × 2 Gy) given to the whole brains of mice with intracranial
transplantation of the U251 GBM. Whereas the drug had no affect on the growth of the
unirradiated tumor, the effect on the irradiated tumor was quite dramatic, with all the mice
achieving local control with no recurrences even after the infusion ceased (Figure 4). Similar
results were found using neutralizing antibodies against CXCR4 (13). We also obtained a
significant (though less dramatic) increase in tumor regrowth delay in the more
radioresistant U87 tumor (13). These results therefore suggest a novel approach for the
treatment of GBM: in addition to radiotherapy, the vasculogenesis pathway needs to be
blocked, which can be accomplished using administration of AMD3100 after irradiation.

However, SDF-1 has a second receptor, CXCR7, which has been implicated in endothelial
cell migration(48), is present on tumor vasculature(48), and is potentially also able to
activate vasculogenesis. We hypothesized therefore that blocking the interaction of SDF-1
with CXCR7 could also block vasculogenesis and improve tumor control by irradiation. To
test this hypothesis we have used two specific inhibitors of CXCR7, CCX771 and CCX2066
and tested these with the intracranial U251 GBM in mice (CCX771) and with chemically
induced brain tumors in rats (CCX2066). In the latter case pregnant rats are given a single
injection of the carcinogen ethylnitrosourea (ENU) on day 17-18 of gestation. After birth the
pups appear healthy for over 100 days at which time they begin to die progressively from
brain tumors from day 120 after birth. The key advantages of this model are that the tumors
arise spontaneously in immune competent rats and have a genetic diversity and
aggressiveness similar to that seen in human brain cancers (49). In both cases we found that
the CXCR7 inhibitor did not affect the tumor growth or survival of the rodents that did not
receive local brain irradiation but significantly enhanced tumor growth delay and survival of
the animals that received local brain irradiation (Walters et al, unpublished).

Finally, the involvement of both CXCR4 and CXCR7 suggests that SDF-1 could be the
master regulator of vasculogenesis with CXCR4 being its receptor on CD11b+ monocytes
and CXCR7 being its receptor on ECs. To test this we have used the highly specific inhibitor
of SDF-1, NOX-A12, an L-enantiomeric RNA oligonucleotide (Spiegelmer), on brain tumor
recurrences after irradiation. NOX-A12 inhibits SDF-1 with subnanomolar affinity (50) and
should therefore inhibit SDF-1 mediated activation of both receptors, CXCR4 and CXCR7.
We used the ENU-induced brain tumors in the rat as described above and delivered a single
dose of whole brain irradiation (20 Gy) on day 115 of age and began treatment with NOX-
A12 immediately following irradiation and continued every 2 days with either 5 or 20 mg/kg
injected subcutaneously for either 4 or 8 weeks These doses and times were chosen as
equivalent to human doses and times that, based on existing data, have been found to be safe
and well tolerated in human volunteers and which are effective in inhibiting the action of
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SDF-1. We found that neither 20 Gy nor NOX-A12 alone prolonged the lifespan of the
tumor-bearing rats. However, the addition of NOX-A12 to 20 Gy prolonged the lifespan of
the rats particularly at the highest dose and for the longer treatment period of 8 weeks
(median lifespans of 20 Gy alone and 20 Gy + 5 and 20 mg/kg of NOX-A12 were 196, 291
and 349 days respectively with p values for NOX-A12 treated rats <0.05 vs. radiation or
controls alone) (51).
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Summary

Tumors have more than one way to form blood vessels and after radiotherapy, which
largely abrogates local angiogenesis. The dominant way in which the surviving cells
regrow into a recurrent tumor is through blood vessel formation by vasculogenesis, a
process involving the capture by the tumor of circulating blood vessel forming cells.
These are CD11b+ monocytes from the bone marrow and probably also endothelial cells
or endothelial progenitor cells which come from sites other than the bone marrow. The
driving force for vasculogenesis is increased tumor hypoxia after radiation caused by the
loss of blood vessels in the tumor. This leads to increased levels of the hypoxic inducible
factor-1 (HIF-1) transcription factor which upregulates stromal cell-derived factor -1
(SDF-1, CXCL12), the ligand for the two receptors CXCR4 and CXCR7 on monocytes
and endothelial cells. We hypothesize that it is increased levels of SDF-1 in the tumor
(and possibly in the plasma) that is responsible for the increased levels of the
proangiogenic monocytes (and possibly endothelial cells) in tumors after irradiation and
it is these increased levels that promote post-irradiation reconstitution of the tumor
vasculature and tumor recurrence. Inhibitors of CXCR4, CXCR7 and SDF-1 all inhibit
the post-irradiation formation of the vasculature and delay or abrogate local recurrences.
A cartoon of the mechanism is shown in Figure 5. This new strategy of inhibiting
vasculogenesis after irradiation could be tested clinically within the next 1-2 years as
several of the inhibitors could obtain clinical approval shortly.
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Figure 1. Stromal radiosensitivity does not affect tumor control by irradiation
Tumor control dose (TCD50) for the same tumor cell lines growing either in the nude or
C3H mouse or in the SCID mouse, the latter being some 3-fold more sensitive to irradiation.
Error bars indicate the 95% confidence intervals for the TCD50. + = no local control
observed at the highest dose administered (90 Gy) from (7) with permission.
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Figure 2. Irradiation produces influx of bone marrow derived CD11b+ monocytes into tumors
(A) Immunostaining for CD11b (red) in tumors with no IR (control), irradiated tumors (IR
tumor), or tumors grown in the irradiated bed (pre-IR bed) for MT1A2 (upper panel) and
RIF (lower panel). Nucleus staining with DAPI is shown in blue. (B) Quantification of
CD11b+ myelomonocytic cells in (B) for MT1A2 (left) and RIF (right) tumors. Symbols
and error bars represent the mean ± SEM for n>4 animals per group. *p < 0.05, **p < 0.01,
and ***p < 0.001, respectively, determined by one-way ANOVA. From (13) with
permission.
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Figure 3. HIF-1 inhibitor prevents the influx of monocytes/macrophages into irradiated U251
intracranial GBM and increases their radiation response
(A) Quantification of CD11b+monocytes and F4/80+macrophage cell influx into GBM
tumors. Error bars indicate SEM. **P < 0.01, ***P < 0.001 versus control. (B) Growth
curves of i.c. tumors treated with irradiation, NSC-134754, irradiation+NSC-134754, and
control (n = 5 per group). Error bars indicate SD. *P < 0.05. From (13) with permission.
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Figure 4. Therapeutic effect of blocking the interaction of SDF-1 with CXCR4 after whole brain
irradiation
(A) Growth curves of i.c. U251 early tumor model after fractionated irradiation (5 daily
doses of 2 Gy starting on day 11 after transplantation) with or without infusion of AMD3100
for 21 days *P < 0.05. (B) BLI images after fractionated irradiation treated with or without
AMD3100. (C and D) Growth curves of i.c. U251 advanced tumor model after a single dose
of irradiation (15 Gy on day 22 after transplantation), treated with AMD3100 (21 day
infusion; (C), *P < 0.05) or with neutralizing anti-CXCR4 Ab (D), *P < 0.05), starting
immediately after irradiation. From (13) with permission.
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Figure 5.
Model showing the vasculogenesis pathway that restores the tumor vasculature after
irradiation and the various inhibitors of this pathway that can improve the radiation response
of the tumor
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