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ABSTRACT

Tumours have two main ways to develop a vasculature: by angiogenesis, the sprouting of endothelial cells from nearby
blood vessels, and vasculogenesis, the formation of blood vessels from circulating cells. Because tumour irradiation
abrogates local angiogenesis, the tumour must rely on the vasculogenesis pathway for regrowth after irradiation. Tumour
irradiation produces a marked influx of CD1lb™ myeloid cells (macrophages) into the tumours, and these are crucial to the
formation of blood vessels in the tumours after irradiation and for the recurrence of the tumours. This process is driven by
increased tumour hypoxia, which increases levels of HIF-1 (hypoxia-inducible factor 1), which in turn upregulates SDF-1
(stromal cell-derived factor 1 or CXCL12), the main driver of the vasculogenesis pathway. Inhibition of HIF-1 or of its
downstream target SDF-1 prevents the radiation-induced influx of the CD11lb™ myeloid cells and delays or prevents the
tumours from recurring following irradiation. Others and we have shown that with a variety of tumours in both mice and
rats, the inhibition of the SDF-1/CXCR4 pathway delays or prevents the recurrence of implanted or autochthonous
tumours following irradiation or following treatment with vascular disrupting agents or some chemotherapeutic drugs
such as paclitaxel. In addition to the recruited macrophages, endothelial progenitor cells (EPCs) are also recruited to the
irradiated tumours, a process also driven by SDF-1. Together, the recruited proangiogenic macrophages and the EPCs
reform the tumour vasculature and allow the tumour to regrow following irradiation. This is a new paradigm with major
implications for the treatment of solid tumours by radiotherapy.

TUMOURS HAVE TWO MAIN WAYS TO
DEVELOP A VASCULATURE: ANGIOGENESIS
AND VASCULOGENESIS

endothelial growth factor (VEGEF)] is combined with standard
therapy.
e Several randomized trials have shown no benefit of the

Judah Folkman' in 1971 published the then revolutionary
claim that tumours could not grow without new blood
vessels, they secreted a factor (tumour angiogenic factor)
that stimulates neovascularization and, if this process of
angiogenesis could be stopped, the tumour would cease
to grow. This led to the huge field of anti-angiogenesis
therapy for tumours, and today there are six anti-
angiogenic drugs approved for clinical use (the mAb
bevacizumab and the receptor tyrosine kinase inhibitors
sunitinib, sorafenib, pazopanib, vandetanib and axitinib)
and many more in advanced clinical testing.” Those who
have followed the clinical experience from the many thou-
sands of cancer patients who have been treated with these
drugs would summarise the results obtained as follows:
* The drugs produce a benefit only when combined with
cytotoxic therapy and not when used alone.
e Several randomized studies have shown an improved overall
survival (OS), but more often an improved progression-free
survival when the anti-angiogenic drug [typically anti-vascular

addition of an anti-angiogenic drug to the standard
therapy, and even to those showing a benefit the increase
in OS has been quite modest (2—4 months).

Therefore, some 40 years after Folkman proposed the con-
cept of anti-angiogenic therapy, we have to conclude that the
strategy has had some success but not to the extent that was
originally hoped for. This is perhaps not surprising—we have
become accustomed in this age of molecularly targeted
therapy to the development of rapid resistance to the targeted
therapy. However, it was reasonable, as was pointed out early
in the quest for anti-angiogenic agents, that as the target
tissues were normal [endothelial cells (ECs) which, unlike
tumour cells are genetically stable], it was much less likely
that mutations leading to resistance would develop. However,
there are other ways that tumours could become resistant
to anti-angiogenic therapy, and one was highlighted by
the seminal work from Jeff Isner’s laboratory in 1997. In this
study, Asahara et al’ isolated putative endothelial cell



http://dx.doi.org/10.1259/bjr.20130686
mailto:mbrown@stanford.edu

BJR

progenitors from human peripheral blood and showed that in
animal models of ischaemia these cells incorporated into the sites
of active angiogenesis. This finding ushered in the birth of the
therapy to reverse vascular damage (such as in myocardial in-
farction) using EPCs. However, it is important also for cancer
therapy and means that, in addition to angiogenesis from the
sprouting of local vessels, tumours also can obtain blood supply
from circulating cells, a process known as vasculogenesis (Figure 1).
However, vasculogenesis is largely overlooked, with 98% of recent
articles on tumour blood vessel formation being on angiogenesis,
and the reason is clear; under normal circumstances, the dominant
way by which tumours obtain their vasculature is through angio-
genesis. So, vasculogenesis can be regarded as a “backup” pathway if
angiogenesis is inhibited. Thus, is this pathway the reason for the
modest benefit of anti-angiogenic therapy? This is yet to be
established, although there is evidence that the influx of CD1 1b*
myeloid cells (which are the key to the vasculogenesis pathway) can
be responsible for the resistance to anti-VEGF therapy.™®

INHIBITION OF VASCULOGENESIS SENSITIZES
TUMOURS TO IRRADIATION

As indicated above, the vasculogenesis pathway is only a minor
player in the development of vasculature in tumours under normal
circumstances. However, if the primary pathway of angiogenesis is
blocked, then vasculogenesis may become of prime importance.
Sometime ago, we showed that irradiation of tumours at doses
comparable to those delivered in radiotherapy completely abro-
gated local tumour angiogenesis.® Although the mechanism of this
is not absolutely clear, it is likely to be a consequence of the killing
of the ECs in the irradiation field. This is likely to be a tumour-
specific phenomenon, as the tumour ECs are dividing and there-
fore will die a mitotically linked death, whereas the normal ECs are
largely non-proliferating. It follows, therefore, that the principal
way for tumours to regrow after radiotherapy is by regrowth of the
vasculature from circulating cells and that, if the vasculogenesis
pathway could be blocked, then tumours would become more
sensitive to irradiation.

Figure 1. Cartoon of the two main ways for tumours to develop
a functioning vasculature. Also shown are the two principal cyto-
kines governing these pathways: vascular endothelial growth
factor (VEGF) for angiogenesis and stromal cell-derived factor 1
(SDF-1; CXCL12) for vasculogenesis. Tumour hypoxia through its
upregulation of levels of the transcription factor HIF-1 (hypoxia
inducible factor 1) is the main driver of both processes. EPC,
endothelial progenitor cell; PPC, pericyte progenitor cell.
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Is there any evidence for this? Many years ago, Stephens et al” noted
that the irradiated tumours had higher levels of macrophages than
the tumours prior to irradiation. More recently, we,”® and others,”
have seen a similar effect: a large increase in CD11b" myeloid cells,
the precursors of tumour-associated macrophages (TAMs), in
transplanted tumours in mice after irradiation. To determine
whether this phenomenon also applies to human tumours, we
obtained 12 pairs of glioblastomas from patients prior to treatment
and following recurrence. In 10/12 of these pairs, there was an
approximate 10-fold increase in CD11b™ cells in the tumours
following treatment.® Do these macrophages play a role in pro-
tecting the tumour from irradiation? To address this question, we
reasoned, based on data from normal tissues,'° that this influx of
macrophages might be produced by higher tumour levels of the
chemokine SDF-1 (stromal cell-derived factor 1 or CXCL12) in the
irradiated tumour by an increase in the transcription factor HIF-1
(hypoxia inducible factor 1) produced by increased tumour hyp-
oxia subsequent to irradiation. Consistent with the hypothesis that
the increase in TAMs after irradiation was due to increased tumour
HIF-1 levels, we showed in an intracranial U251 glioblastoma
multiforme (GBM) model in mice that HIF-1 levels rose in
tumours 2—-3 weeks following single-dose irradiation, as a conse-
quence of increased tumour hypoxia,8 and that when we treated
mice with the HIF inhibitor NSC 134754, developed by Chau
et al,'" the radiation-induced influx of macrophages was totally
abolished (Figure 2a,b).

What is the effect of the HIF inhibitor on the response of
tumours to irradiation? This was a key finding of our study:
application of the HIF inhibitor after irradiation prevented the
regrowth of irradiated tumours (Figure 2c). This result is also
consistent with the work of Williams et al,'> who have shown
that HIF deficient tumours are more sensitive to irradiation.
These data therefore suggest that the influx of myeloid cells into
the tumours after irradiation is important for the recurrence of
tumours, a conclusion supported by our data that treatment of
mice after irradiation with carrageenan, an agent that depletes
macrophages, also sensitized the U251 GBM to irradiation.® This
inhibition of HIF did not affect the growth of the unirradiated
tumours, consistent with the concept that inhibition of the vas-
culogenesis pathway should have little or no effect on unirradiated
tumours, as their vasculature is largely supplied by angiogenesis.

However, in terms of a useful therapeutic strategy, inhibition of
HIF-1 is unlikely to be useful for the dual reason that there is no
specific inhibitor of HIF-1, and inhibition of HIF-1, because it
would affect so many downstream targets, would not be the ideal
approach. So, what about SDF-1 inhibition? As noted above,
studies in normal tissues have shown that the trafficking of
progenitor cells to sites of angiogenesis is governed by gradients
of SDF-1."° Since SDF-1 is an HIF-1 target gene and both others
and we have shown that SDF-1 levels are increased in irradiated
tumours,”'” it became an obvious target. In the adult, SDF-1
functions as a chemoattractant for lymphocytes and monocytes
in vivo," human CD34 ™" progenitors'> and mouse pro-B and pre-
B cells.'® This pathway also regulates haematopoietic stem cell
homing and engraftment.'”"* SDF-1 (CXCL12) has two recep-
tors: CXCR4 and CXCR7. Human CXCR4 was initially identified
as a receptor for SDF-1 by screening chemokine receptor orphan
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Figure 2. Myeloid cells (macrophages) are recruited into irradiated tumours, and inhibition of HIF (hypoxia inducible factor)
abrogates this influx and prevents tumour recurrence. (a) immunohistochemistry (IHC) staining for leukocyte (CD45) and monocyte
(CDT11b, top row) or macrophage (F4/80, bottom row) infiltration into i.c. (intracranial) control or 12-Gy treated tumours. Tumours
were harvested on the day of irradiation for controls and 17 days after irradiation in treatment groups. Scale bar: 50 um. (b)
Quantification of CD1lb™ and F4/80" cell influx in tumours. Error bars indicate standard deviation. **p < 0.01, ***p < 0.001 versus
control. (¢) Growth curves (by bioluminescence imaging, BLI) of U251 tumours growing in the brains of nude mice and given 15 Gy
with or without treatment of the mice with the HIF inhibitor NSC 134754 for 21 days started immediately after irradiation. *p < 0.05.
Adapted from Kioi et al® with permission. DAPI, 4',6-diamidino-2-phenylindole; IR, irradiation.
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genes for their ability to induce intracellular Ca** increases in
response to human SDF-1.>* The mouse CXCR4 receptor was
subsequently found by cloning candidate chemokine receptors and
comparing the amino acid sequence to the human cDNA (com-
plementary deoxyribonucleic acid).”> More recently, it has been
shown that SDF-1 binds to CXCR7,% a receptor that does not have
the classical response of induction of Ca** upon binding by SDF-1
and may function as a decoy receptor to maintain SDF-1 gradients.>®

The clinically used drug AMD3100 (Plerixafor, “Mozobil”) is
a specific inhibitor of the interaction of SDF-1 with its receptor
CXCR4 and is used clinically to mobilize haematopoietic cells
from the bone marrow stem. We, therefore, used this inhibitor
(obtained from Sigma-Aldrich) post irradiation in a similar
protocol to that used with the HIF inhibitor (continuous appli-
cation for 21 days following irradiation). We found a similar effect
as with the HIF inhibitor: namely, inhibition of the recurrence of
the tumours following irradiation with no effect on the un-
irradiated tumours (Figure 3). Importantly, we found a similar
effect with both fractionated irradiation (5 X 2 Gy) (Figure 3a) as
with a single dose of 15 Gy (Figure 3b). This inhibition of post-
irradiation tumour growth by AMD3100 coincided with an effect
of the drug on preventing the return of the tumour vasculature
after irradiation. To check that this effect on the response of the
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tumours was in fact the result of inhibition of the SDF-1/CXCR4
pathway, we tested neutralizing antibodies to CXCR4 in the same
protocol (application for 21 days following irradiation). We found
the same inhibition of the recurrence of the tumours (Figure 3c),
demonstrating formally that the effect is due to inhibition of this
pathway. To compare the efficacy of the strategy of inhibition of
vasculogenesis with that of inhibition of angiogenesis, we treated
mice with the U251 intracranial GBM with DC101, an antibody
against VEGFR2. Although this also sensitized the tumours to
irradiation, the effect was not as great as it was with AMD3100
(Figure 3d). However, this may have overestimated the effect of
angiogenesis inhibition alone as VEGF has been reported to also
be involved in the homing of circulating mononuclear myeloid
cells to angiogenic sites.”® This finding considerably muddies the
water in terms of the effect of angiogenesis inhibition by VEGF
blockade on the response of tumours to irradiation, as part of the
effect may be the result of inhibition of the vasculogenesis pathway.

The above data with inhibition of HIF and CXCR4 showed that
these agents both prevented the radiation-induced increase of
CD11b" myeloid cells in tumours (largely Tie2-expressing
myeloid cells) and sensitized the tumours to irradiation, thereby
establishing a correlation between the two. But is this a direct
causal effect? To address this, we raised neutralizing monoclonal
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Figure 3. Therapeutic effect of blocking the interaction of stromal cell-derived factor 1 (SDF-1) with CXCR4 after whole-brain
irradiation. (a) Growth curves of i.c. (intracranial) U251 early tumour model after 5 daily doses of 2 Gy starting on Day 11 after
transplantation. *p < 0.05. (b) Growth curves of i.c. U251 advanced tumour model after a single dose of irradiation (15 Gy on Day 22
after transplantation), treated with AMD3100 (21-day infusion). (c) As in (b) but with neutralizing anti-CXCR4 Abs instead of
AMD3100, *p < 0.05). (d) Growth curves of U251 i.c. tumour after 15-Gy irradiation, treated with the anti-vascular endothelial growth
factor-R antibody DC101. Arrowheads indicate the treatment of DC101 (started immediately after irradiation and maintained for 21

days). Adapted from Kioi et al® with permission.
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antibodies against CD11b™ cells and demonstrated that giving
these antibodies following irradiation in a different tumour model
(the FaDu head and neck human tumour) also produced a sub-
stantial radiosensitization of the tumours.”” Taken together, these
data show the importance of the influx of bone marrow-derived
CD11b" myeloid cells to tumour recurrence after irradiation and
that prevention of this influx by inhibition of the SDF-1/CXCR4
pathway can produce a substantial radiosensitization of tumours. In
support of this conclusion, Welford et al*® showed that following
treatment with the vascular disrupting agent combretastatin-A-4-
phosphate (which produces a rapid vascular collapse and tumour
hypoxia), SDF-1 was elevated and there was a rapid accumulation
of Tie2-expressing macrophages in the tumours. Furthermore, in-
hibition of the SDF-1/CXCR4 pathway with AMD3100 or ge-
netically both reduced the Tie2-expressing macrophages in the
tumours and enhanced the antitumour efficacy of the treatment.

Are more than CD11b" myeloid cells involved

in tumour regrowth?

Despite these findings on the importance of influx of bone
marrow-derived CD11b" myeloid cells in tumours post-
irradiation to restore the vasculature, it is highly unlikely that
the CD11b" cells themselves become ECs. Indeed, our studies
suggest that although these cells are highly pro-angiogenic, they
appear to be in close contact with ECs rather than colocalizing with
them.®® Therefore, what is the source of ECs in the regrowing
tumour? The work of Shaked et al*’ has shed light on this. These
authors initially showed that the vascular disrupting agent OXi-
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4503, which produces rapid shutdown of tumour blood flow and
increased tumour hypoxia,”® produces a rapid spike in EPCs in the
blood of tumour-bearing mice and incorporation of these cells
into the viable rim of the tumours after therapy. They went on to
show that this is a phenomenon that also occurs with some che-
motherapeutic drugs, such as paclitaxel, but not others, such as
gemcitabine’' (Figure 4b). Significantly, the authors showed that
most, if not all, of the increased EPCs in the blood after paclitaxel
treatment could be ascribed to increased SDF-1 in the blood, as
treatment with SDF-1 neutralizing antibodies abrogated the in-
crease in SDF-1 levels (Figure 4c). In addition, the SDF-1 neu-
tralizing antibodies also enhanced the antitumour efficacy of
paclitaxel but not gemcitabine (Figure 4d). Consistent with this,
they also demonstrated that the treatment efficacy of paclitaxel but
not gemcitabine was greater in Id1 = Id3 —/— (Id) mutant mice,
which cannot mobilize EPCs from the bone marrow’” but are not
deficient for other bone marrow-derived proangiogenic cells, in-
cluding TAMs.”®> We have also observed an increase in circulating
EPCs in tumour-bearing mice following tumour irradiation and
the incorporation of these circulating EPCs into the vasculature
of the regrowing tumour after irradiation (Russell and Brown,
2013, personal communication).

It is as yet a matter of conjecture as to how CD11b™ cells and EPCs
interact to form blood vessels. However, the fact that MMP-9 is
crucial to this process™** strongly suggests that degradation and/or
remodelling of the extracellular matrix is involved possibly in re-
leasing VEGF and/or facilitating blood vessel formation by the
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Figure 4. Circulating levels of growth factors after paclitaxel (PTX) or gemcitabine (GEM) treatment and effect of anti-SDF-1
antibody (Ab) on endothelial progenitor cells (EPCs) and tumour growth. (a) Non-tumour-bearing C57BL/6 mice (n =4 mice per
group) were treated with PTX or GEM. 4 h later, mice were bled by cardiac puncture and plasma was collected to measure vascular
endothelial growth factor (VEGF)-A, SDF-la and granulocyte-colony stimulating factor levels by enzyme-linked immunosorbent
assay. (b) Analysis of SDF-1a content stored in isolated circulating platelets from C57BL/6 mice 4 h after treatment with PTX or GEM
at the maximum tolerated dose (MTD). (c) Non-tumour-bearing C57BL/6 mice (n =5 mice per group) were treated with SDF-1a
neutralizing antibodies. 24 h later, mice were treated with PTX or GEM. After 4 and 24 h, mice were bled from the retro orbital sinus
for evaluation of viable endothelial progenitor cells by flow cytometry. (d) C57BL/6 mice bearing Lewis lung carcinoma (LLC)
tumours (500 mm3) were treated with polyclonal SDF-la neutralizing antibodies in combination with either PTX or GEM. Control
mice received non-specific antiserum treatment. Data are expressed as mean * standard deviation. 0.05>*p > 0.01; **p < 0.01.
From Shaked et al®' with permission. G-CSF, granulocyte colony-stimulating factor.
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EPCs. Relevant to this is that several investigators have shown that
CDI11b" cells promote the influx of EPC into damaged normal
tissue and stimulate subsequent blood vessel growth.’>>°

Relevance of vasculogenesis inhibition to the
radiotherapy of human cancers

It is always tempting to extrapolate preclinical findings to the
clinic. We must, however, be aware of significant differences
between our preclinical models and human cancers. Two im-
portant differences between the above data and the clinical sit-
uation are obvious: (1) the results obtained for the GBM studies
were performed in nude mice and therefore deficient in a

23 27

functioning immune response. Since we are dealing with bone
marrow CD11b" myeloid cells, which are often characterized as
myeloid-derived suppressor cells that suppress T-cell function,
this is an important caveat to the studies. (2) The tumours were
implanted (either subcutaneously or intracranially), which is not
the way human tumours develop. There could thus be major
differences in the vasculature of the preclinical and clinical tumours
that could affect the results.

To bridge the gap between the preclinical results and the clinical
situation, we set about to repeat the results with a more clinically
relevant model of brain cancer in which the tumours develop
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Figure 5. Stromal cell-derived factor 1 (SDF-1) inhibition after
irradiation prolongs the survival of the brain tumour-bearing
rats and produces tumour remission. Rats born to mothers
treated with a single injection of the carcinogen ENU on Day 18
of gestation were sham irradiated or given a dose of 20 Gy to
the whole brain with shielding of the buccal cavity. (a) Rats
receiving NOX-A12 were injected subcutaneously every 2 days
with either 5 or 20 mg kg ! starting soon after irradiation and
continued for either 4 or 8 weeks. (b) Addition of the SDF-1
inhibitor NOX-A12 following irradiation of the ENU-induced
brain tumours produces complete responses by MRI. /n utero
ENU-treated rats were imaged by MR starting on Day 130 of age
and then repeated every 2 weeks until death. Adapted from Liu
et al* with permission. TMZ, temozolomide.
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naturally in the brains of immune competent rats. For this, we
used ethylnitrosourea (ENU)-induced brain tumours in the
Sprague-Dawley rat, a model that has proved to be extremely
resistant to anticancer therapy in prior studies by a variety of
investigators.””*® Furthermore, macroscopic tumours that de-
velop in this model frequently contain high levels of VEGE, hae-
morrhage and focal necrosis—all general characteristics of the
most malignant glioblastomas. After in utero exposure to ENU on
Day 17-18 of gestation, the pups appear healthy for >100 days
during which time they begin to demonstrate neurological dis-
tress and die progressively from brain tumours from Day 120 after
birth. The key advantages of this model are that the tumours arise
autochthonously in immune competent hosts and have a genetic
diversity and aggressiveness comparable with human brain
tumours.>® To perform these studies, we used NOX-A12, a spe-
cific inhibitor of SDF-1.*" We sorted pups from ENU-treated

JM Brown

mothers at Day 115 after birth, which is just before the first rats
start to die from their brain tumours. Our data (Figure 5a)
demonstrate that NOX-A12-mediated SDF-1 blockade is effective
in inhibiting or delaying death of the rats following the single dose
of 20 Gy whole-brain irradiation. It can also be seen from this
figure that SDF-1 inhibition did not change the survival time of
the unirradiated rats and that the efficacy of the treatment
depended on the drug dose and particularly on the time period
over which the drug was delivered (with 8 weeks being superior to
4 weeks). However, both the doses and time periods were similar
to exposures that have been described to be safe and well tolerated
in humans.

However, one aspect of the study shown in Figure 5a was not
comparable to the clinical situation: namely that the brains of
the rats were irradiated and started treatment with the SDF-1
inhibitor with the expectation based on population statistics that
they had tumours and that all the groups had similar average
tumour sizes. To make for a more clinically realistic situation, we
repeated the study but, instead of assigning the rats to the var-
ious groups at 115 days of age, we monitored tumour growth by
repeated MRI measurements and only assigned rats to the various
treatment groups when they had visible (by MRI) tumours. This
also allowed us to equalize the average tumour size at the begin-
ning of treatment for all the groups. This assignment to the various
groups occurred on Days 132-165 of age and, thus, considerably
later than the first study and therefore presumably more difficult
to control. In this study, we also included a group that received
irradiation (20 Gy) combined with temozolomide (TMZ)

(10mgkg ™" intraperitoneally) 5 days per week for 3 weeks.

The following conclusion can be drawn from the data shown in

Figure 5b (colours refer to online images only):

e The tumours in the rats treated with NOX-A12 alone
continued to grow as expected (black line).

¢ The tumours in the rats treated with 20 Gy + NOX-A12 (blue
line) disappeared by 28 days after the start of treatment and
continued to be undetectable until the appearance of 2
recurrences 105 days after the initiation of treatment.

e The tumours in the rats that were given 20Gy alone or
20Gy + TMZ (red and green lines) behaved similarly with
an initial decrease in volume to Day 45 followed by a regrowth.
This shows that inhibition of SDF-1 is much more effective
than the addition of TMZ with irradiation.

CLINICAL IMPLICATIONS

We also tested SDF-1 inhibition with the U251 human GBM
implanted into nude mice and observed a similar extension of
lifespan.*' Based on these results, we believe that a clinical trial
of inhibition SDF-1 or its receptor CXCR4 in combination with
standard therapy in first-line glioblastoma patients would be
justified. Both the drugs tested in our studies are in clinical use.
The CXCR4 antagonist AMD3100 (Plerixafor, MOZOBIL®) is
indicated for combination with granulocyte-colony stimulating
factor to mobilize haematopoietic stem cells to the peripheral
blood for collection and subsequent autologous transplantation
in patients with non-Hodgkin’s lymphoma and multiple mye-
loma (MM). The SDF-1 inhibitor NOX-A12 is currently in
Phase II studies for the treatment of chronic lymphocytic leu-
kaemia and MM, again based on its ability to mobilize cells (in
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this case cancer cells) from the bone marrow, to render them more
sensitive to systemic chemotherapy. Based on our findings and on
the hypothesis that the vasculogenesis pathway only becomes

important to the tumour when it is starting to recur after irradi-

ation, we believe that the important period to apply inhibitors of
this pathway is following, rather than during, radiotherapy. For
how long remains to be determined, but it is clear from our studies
with the rat tumours (Figure 5) that 8 weeks is superior to 4 weeks
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