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Background. Tumor irradiation blocks local angiogenesis, forcing any recurrent tumor to form new vessels from circulating cells. We have
previously demonstrated that the post-irradiation recurrence of human glioblastomas in the brains of nude mice can be delayed or pre-
vented by inhibiting circulating blood vessel–forming cells by blocking the interaction of CXCR4 with its ligand stromal cell-derived factor
(SDF)–1 (CXCL12). In the present study we test this strategy by directly neutralizing SDF-1 in a clinically relevant model using autochthon-
ous brain tumors in immune competent hosts.

Methods. We used NOX-A12, an L-enantiomeric RNA oligonucleotide that binds and inhibits SDF-1 with high affinity. We tested the effect
of this inhibitor on the response to irradiation of brain tumors in rat induced by N-ethyl-N-nitrosourea.

Results. Ratstreated in uterowith N-ethyl-N-nitrosourea began to die of brain tumors from approximately 120 days of age. We delivered a
single dose of whole brain irradiation (20 Gy) on day 115 of age, began treatment with NOX-A12 immediately following irradiation, and
continued with either 5 or 20 mg/kg for 4 or 8 weeks, doses and times equivalent to well-tolerated human exposures. We found a marked
prolongation of rat life span that was dependent on both drug dose and duration of treatment. In addition we treated tumors only when
they were visible by MRI and demonstrated complete regression of the tumors that was not achieved by irradiation alone or with the add-
ition of temozolomide.

Conclusions. Inhibition of SDF-1 following tumor irradiation is a powerful way of improving tumor response of glioblastoma multiforme.

Keywords: angiogenesis, CXCL12, CXCR4, CXCR7, ENU-induced tumors, glioblastoma, irradiation, NOX-A12, SDF-1, vasculogenesis.

Radiotherapy is an important component of the treatment of glio-
blastoma multiforme (GBM), but despite the high radiation doses
used and the combination of anticancer agents and targeted ther-
apies, the tumors invariably recur, leading to the demise of more
than 75% of the patients by2 years. Importantly, mostof the recur-
rences occur within the radiation field.1 – 4 Thus any method of im-
proving local control of the primary tumor would improve the
curability of GBM patients.

We recently proposed a novel paradigm for the treatment of
solid tumors with radiotherapy with a particular emphasis on
GBM.5 This was based on our previous finding that doses of radi-
ation in the therapeutic range abrogate local angiogenesis,6

forcing the tumor to rely on the vasculogenesis pathway. Vasculo-
genesis involves de novo growth of blood vessels from circulating

cells for the restoration of the tumor vasculature, thereby allowing
tumor recurrence. We demonstrated both with the subcutaneous-
ly transplanted FaDu human head and neck tumor7 and with the
intracranially implanted U251 human GBM5 that tumor recurrence
could be markedly reduced or even prevented by inhibition of
irradiation-induced recruitment of the pro-angiogenic CD11b+
myelomonocytes. This could be achieved either with anti-CD11b
antibodies7 or by inhibiting the interaction of stromal cell derived
factor–1 (SDF-1, CXCL12) with its chemokine receptor CXCR4,5

which is highlyexpressed on CD11b+monocytes. Kozin and collea-
gues8 have also shown that tumor irradiation induces uptake of
CD11b+ monocytes into the tumors and that the SDF-1/CXCR4 in-
hibitor AMD3100 delivered for 21 days after irradiation enhances
the antitumor efficacy of radiation.
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Except in the case of the highly radiosensitive U251, post-
irradiation treatment with AMD3100, however, only prolonged
the radiation-induced growth delay, and the tumors eventually re-
curred in the 2 studies mentioned. Although CD11b+ monocytes
facilitate vasculogenesis by tissue remodeling requiring matrix
metalloproteinase–9,6 they do not form blood vessels them-
selves.5,8 Therefore, we hypothesized that other circulating cells,
such as endothelial cells (ECs) or endothelial progenitor cells
(EPCs),9 as well as possibly pericytes, may be needed to restore
the irradiated vasculature. Since ECs in solid tumors, including
GBM, have been shown to express high levels of CXCR7,10 – 12 the
more recently discovered second receptor for SDF-1,13,14 we
hypothesized that the most effective strategy for preventing post-
irradiation vasculogenesis in GBM would be to block both SDF-1
receptors, CXCR4 and CXCR7. A logical way to achieve concomitant
inhibition would be to target the shared ligand SDF-1.15

A modality fulfilling these requirements is the PEGylated mirror-
image RNA oligonucleotide (a so-called Spiegelmer) NOX-A12 that
binds with high affinity to SDF-1. NOX-A12 consists of 45
L-enantiomeric RNA nucleotides and carries a 40-kDa polyethylene
glycol (PEG) modification at its 5′-end in order to increase plasma
residence time. The 45 L-nucleotides of the oligonucleotide form
a structural scaffold that recognizes SDF-1 with high affinity and
thus efficiently blocks the chemokine’s interaction with CXCR4
and CXCR7. The nonnatural L-nucleotides confer oligonucleotide
biostability because naturally abundant nucleases are not able to
recognize L-oligonucleotides. Also, their mirror-image nature
renders Spiegelmers immunologically passive, with a low risk of
neutralizing antibodies and no Toll-like receptor activation.16

NOX-A12 is currently in phase II studies with chronic lymphocytic
leukemia and multiple myeloma.

To test our strategy to block SDF-1 interaction with both its recep-
tors CXCR4 and CXCR7, we used N-ethyl-N-nitrosourea (ENU)–
induced brain tumors in the Sprague-Dawley rat, a model that
has proved to be extremely resistant to anticancer therapy in
prior studies by a variety of investigators17,18 (L. Recht, unpublished).
After in utero exposure to ENU on days 17–18 of gestation, the pups
appeared healthy for over 100 days, at which time they began to
demonstrate neurological distress and die progressively from brain
tumors from day 120 after birth. The current data demonstrate
that NOX-A12–mediated SDF-1 blockade was effective in inhibiting
or delaying recurrences following irradiation in this tumor model
that mimics the genetic diversity and histology of human brain
tumors.19 As NOX-A12 was delivered following brain irradiation at
dosesandtimeperiodssimilar toexposuresthathavebeendescribed
to be safe and well tolerated in humans, we believe that these results
justify a human trial in first-line glioblastoma patients.

Materials and Methods

In vitro Characterization of NOX-A12
THP-1 cells were obtained from the German Collection of Microorganisms
and Cell Cultures (DSMZ) and cultured overnight at a cell density of 0.3×
106/mL at 378C and 5% CO2 in Roswell Park Memorial Institute 1640
medium with GlutaMAX (Invitrogen), 10% fetal bovine serum, and 50 mM
b-mercaptoethanol. Five nanomolar human recombinant SDF-1a (R&D
Systems) was preincubated with NOX-A12 in various concentrations in
Hank’’s Balanced Salt Solution (Invitrogen) containing 1 mg/mL bovine
serum albumin (BSA) and 20 mM 4-(2-hydroxyethyl)-1-piperazine ethane-
sulfonic acid (HEPES) (HBH) in the lower compartments of a 96-transwell

plate with 5-mm pores (Costar Corning, #3388) at 378C for 20 min. Added
to the upper compartments were 1×105 THP-1 cells in HBH buffer, which
were allowed to migrate at 378C for 3 h. Migrated cells were quantified by
resazurin (Sigma) fluorescence. Relative fluorescence intensity was nor-
malized and plotted against NOX-A12 concentrations for determination
of half-maximal inhibitory concentration (IC50) using GraphPad Prism.

PathHunter eXpress CXCR7 activated G protein coupled receptor (GPCR)
internalization cells (DiscoveRX) were incubated with 10 nM human recom-
binant SDF-1a (R&D Systems) and various concentrations of NOX-A12 at
378C for 3 h. CXCR7 internalization was quantified according to the instruc-
tions of the supplier, and relative luminescence intensity was normalized
and plotted against NOX-A12 concentrations for IC50 determination
using GraphPad Prism software.

Human umbilical vein endothelial cells (HUVECs) were obtained from
Lonza and cultured in endothelial cell growth medium–2 (Lonza) at 378C
and 5% CO2. One day before the experiment, HUVECs were seeded in a
10-cm culture plate at 40% confluency and incubated overnight. Cells
were washed once with phosphate buffered saline (PBS) and incubated
with DiIC12(3) fluorescent dye (BD Biosciences) at a concentration of
5 mg/mL in endothelial cell basal medium–2 (Lonza) containing 0.5%
BSA and 0.5% fetal bovine serum for 15 min at 378C. Cells were washed
twice with PBS, mildly trypsinized, washed, and resuspended in Dulbecco’s
modified Eagle’s medium (DMEM) without phenol red containing 20 mM
HEPES and 0.1% BSA at a concentration of 3.2×105 cells/mL. Cells were
incubated at 378C and 5% CO2 at least 60 min before adding to the Fluoro-
Blok Transwell inserts with fluorescent blocking PET membrane and 3-mm
pores (BD Biosciences, Falcon, # 351151). The lower side of the inserts
was coated with 5 mg/mL human fibronectin (R&D Systems) at room tem-
perature for 1 h, washed once with PBS, and then incubated with 1 mg/mL
human SDF-1a (R&D Systems) and NOX-A12 in DMEM without phenol red
and 20 mM HEPES at room temperature for 2 h. The filters were washed
once and inserted in a BD Falcon 24-well companion plate containing
750 mL DMEM without phenol red, 20 mM HEPES, and 0.1% BSA. Two
hundred fifty microliters of stained and equilibrated HUVECs as we have
described were added to the upper compartment. Cell migration was quan-
tified using a bottom fluorescence reading plate reader (Synergy2, Biotek)
and plotted against incubation time.

Experimental Animals
Brain tumors were induced by i.p. injection of 50 mg/kg of the carcinogen
ENU (Sigma) into Sprague-Dawley rats (Taconic Farms) at gestational day
18. During each experiment, at least one control pregnant rat received
saline vehicle under identical conditions. Pups were born and weaned at
normal age, after which they were monitored at least weekly for signs of
illness, which usually developed after 120 days of age, at which time the
pups started to show signs of brain lesions (loss of weight, hind limb paraly-
sis, and lethargy). In the first study, designed only to evaluate survival, the
rats were assigned randomly to the various groups on day 115 of age, just
before any rats started to die. In the second study, designed to evaluate
tumor response by MRI as well as survival, tumor size was estimated by
MRI starting on day 130 of age, and the rats were assigned to groups so
as to have approximately the same total tumor volume in each group. All
animal procedures were approved by Stanford University’s Administrative
Panel on Laboratory Animal Care.

Drug Treatment and Irradiations

Whole brain irradiation was performed with a Phillips X-ray unit operated at
200 kVp with a dose rate of 1.21 Gy/min (20 mA with added filtration of
0.5 mm copper, distance from X-ray source to the target of 31 cm, and a
half value layer of 1.3 mm copper). The rats were anesthetized and
placed in individual lead boxes with a cutout that allowed the brain to be
irradiated tangentially with full shielding of the buccal cavity as well as
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the rest of the body. To ensure the maximum uniformity of the dose deliv-
ered, the animals were turned 180 degrees halfway through each irradi-
ation (giving the equivalent of parallel opposed fields).

Animals were treated with the anti–SDF-1 Spiegelmer NOX-A12
(primary sequence: 5′-GCGUGGUGUGAUCUAGAUGUAUUGGCUGAUCCUAG
UCAGGUACGC-3′, modified with 40 kDa PEG at the 5′-terminus and synthe-
sized at NOXXON Pharma, Berlin, Germany); adequate exposure of the drug
was confirmed in a separate pharmacokinetics study (Supplemental
Fig. S1). The compound was dissolved at a concentration of 10 mg/mL in
sterile 5% glucose solution with occasional shaking for up to 30 min at
room temperature. This solution was then stored frozen. For the 5 mg/kg
group, the frozen solution was thawed on the day of injection and diluted
to 5 mg/mL, and 1 mL/kg was subcutaneously administered every 2 days
for 8 weeks; for the 20 mg/kg group, the 10 mg/mL solution was used dir-
ectly and 2 mL/kg was administered for 4 or 8 weeks; for the 10 mg/kg
group, the 10 mg/kg solution was used directly and 1 mL/kg was adminis-
tered for 10 weeks. In the study in which NOX-A12 was combined with
temozolomide (TMZ), the TMZ (10 mg/kg i.p; Sigma-Aldrich) was given
5 days/week for 3 weeks.

MRI Measurements of Rat Brain Tumors
MRI measurements (T2-weighted images) were performed on a 1 T
machine (Bruker) commencing on day 130 after birth and then repeated
every 2 weeks until death. Rats were distributed into the various treatment
groups so as to have approximately equal total tumor volumes in each
group. Only rats with identifiable tumors were sorted into the groups.

Rats were securely fixed to an MRI head holder (Stanford Center of Bio-
medical Imaging), and T2-weighted coronal images of 1.5 mm thickness
were obtained.

Images were read by a reviewer who was blinded to treatment group
using an OsiriX computer program. Each imaging slice that contained
tumor was outlined freehand and the volume calculated; the sum of all
the slice volumes was considered the tumor volume for that subject.

Histological Examination of the Brains
Rats were perfused with 4% paraformaldehyde at the end of the imaging
experiment. Brains were removed and positioned for cutting using the
same stereotactic readings from the bregma and lambda, so that they
were at the precise angle in which they underwent MRI and brains
removed. Fifty-micrometer sections were cut from �2.2 mm anterior to
�7.5 mm posterior to the bregma; all sections were stained with standard
hematoxylin and eosin. Using the serial imaging for verification, we then
identified each tumor using standard microscopy.

Statistical Analysis
Statistical analyses were performed by the 2-tailed Student’s t-test or
1-way ANOVA to determine statistical significance. P values (exact signifi-
cance) of ,.05 were considered statistically significant. Kaplan–Meier
curves and the log-rank test were used to compare survival times among
the groups. All calculations were performed using Prism5 (GraphPad).

Results

NOX-A12 Is a Specific Inhibitor of SDF-1 Blocking Interaction
With CXCR4 and CXCR7

THP-1 myelomonocytes (which highly express CXCR4 but do not
express CXCR7 as demonstrated by flow cytometry) show
SDF-1–mediated chemotaxis. NOX-A12 is able to inhibit a stimulus
of 5 nM SDF-1 in a dose-dependent manner with an IC50 of 3.9+

0.2 nM (Fig. 1A). PathHunter eXpress CXCR7 activated GPCR intern-
alization cells (DiscoveRX) were used to demonstrate SDF-1–de-
pendent CXCR7 activation. NOX-A12 shows inhibition of SDF-1
mediated CXCR7 internalization dose dependently with an IC50 of
3.0+0.9 nM (Fig. 1B). HUVECs, which are known to express both
SDF-1 receptors, CXCR420 and CXCR7,21 migrate toward immobi-
lized SDF-1 on fibronectin. NOX-A12 inhibits SDF-1–stimulated mi-
gration of HUVECs (Fig. 1C). In summary, we demonstrated that
NOX-A12 blocks SDF-1–dependent activation of both receptors,
CXCR4 and CXCR7, with high potency. Furthermore, NOX-A12 inhi-
bits SDF-1–dependent chemotaxis of monocytes and endothelial
cells, which both play an important role in vasculogenesis of irra-
diated solid tumors.

Blockade of SDF-1 Post-irradiation With NOX-A12 Prolongs
Survival of Rats With ENU-induced Brain Cancer

To ensure that the rats entering the first set of studies would have
brain tumors of a size close to those producing neurological symp-
toms and death, we randomized rats born to mothers treated with
ENU (50 mg/kg) on day 18 of gestation at day 115 of age. This was
just before any of the rats began to die from their brain tumors
(Fig 2). In this study we included a group of rats given NOX-A12
alone and controls given vehicle alone for 28 days. We also tested
2 different concentrations of NOX-A12 and 2 different periods of
drug administration after irradiation. In order to increase the
power of the comparisons, we pooled the data from 2 prior experi-
ments in which identically treated rats were either not irradiated or
given 20 Gy whole brain irradiation (WBI). As can be seen (Fig. 2
and Table 1), the dose of 20 Gy WBI extended the median life span
of the rats by a small and not quite significant amount of approxi-
mately 7 days (P¼ .07 vs non-irradiated). However, the addition of
NOX-A12 prolonged the median life span of the irradiated rats by a
significant amount: by 95 days for the rats given the 8-week infusion
at the low dose (5 mg/kg) and by 153 days for the rats given the
higher dose (20 mg/kg) in comparison with the rats receiving 20 Gy
WBI alone. As can be seen, there was no significant effect of
NOX-A12 alone. The experiment was terminated after 418 days.
We also gave 20 Gy WBI with or without 8 weeks of NOX-A12 to
rats that had not been given ENU in utero (so did not have brain
tumors). We saw no deaths in these rats up to the observation
period of 418 days (not shown in Fig. 2). The median life spans of
thedifferentgroups andtheirsignificance levels are shown in Table 1.

Assessment of Rat Brain Tumor Response by MRI

In a second set of experiments, our aim was to take the study to a
more clinically realistic setting by assessing the effect of the treat-
ments on the brain tumors in real time using MRI and to compare
the efficacy of SDF-1 blockade with that of the clinically used drug
TMZ, in potentiating the efficacy of irradiation. To perform the
study, we began MRI of the rat brains on day 130 after birth and
treated only animals that had brain tumors identified by MRI.
This protocol therefore had a key difference versus the first study
in that treatment was started from 2 to 7 weeks later than day
115 used previously. Thus the average initial tumor sizes were
larger in this study, making it more of a challenge to affect survival.

Prior to commencing the study, we established the sensitivity of
MRI to detect brain tumors of various sizes. We imaged rats at
various times after day 130 of birth and sacrificed them to relate
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the MRIs to tumor brain histology. We performed serial sections on
the rats sacrificed and attempted to correlate the histological
images (hematoxylin and eosin staining) with serial section MRI.
As shown in Fig. 3, we saw an excellent correlation between the 2
methods except for the smallest tumors, barely detectable in the
histological sections. We therefore concluded that MRI was meas-
uring all the significant brain tumors induced by ENU.

Figure 4 shows the geometric means of the tumors in all the
groups as a function of time from the beginning of treatment
(initiated days 132–165). All the estimations of tumor size from the
MRI measurements were made by one individual (T.J.) without any
knowledge of the treatment that the rat had received. A second indi-
vidual sorted the data into the treatment groups and calculated the
group means. The salient features of the data are as follows:

(1) The tumors in the rats treated with NOX-A12 alone continued
to grow as expected (Fig. 4).

(2) The tumors in the rats treated with 20 Gy+ NOX-A12 (blue line)
disappeared by 28 days after the start of treatment. The tumors

Fig. 1. (a) NOX-A12 inhibits SDF-1–mediated and CXCR4-dependent chemotaxis of THP-1 myelomonocytes. THP-1 cells are attracted by 5 nM of human
SDF-1 (set to 100%). SDF-1 was preincubated with NOX-A12 at various concentrations. One representative dose-response curve (mean+SD of triplicates)
of 3 independent experiments is shown. NOX-A12 inhibits SDF-1–mediated chemotaxis of CXCR4-expressing THP-1 cells with an IC50 of 3.9+0.2 nM.
(b) NOX-A12 inhibits SDF-1–mediated internalization of CXCR7. PathHunter eXpress CXCR7 activated GPCR internalization cells show SDF-1–mediated
internalization of CXCR7. Internalization of CXCR7 by incubation with 10 nM SDF-1 was set to 100%. SDF-1 was preincubated with various
concentrations of NOX-A12. One representative dose-response curve (mean+SD of triplicates) of 4 independent experiments is shown. NOX-A12
inhibits SDF-1–mediated CXCR7 internalization with an IC50 of 3.0+0.9 nM. (c) NOX-A12 inhibits SDF-1–mediated migration of human ECs. HUVECs
were stained with the fluorescent dye DiIC12(3), and migration through the FluoroBlok membrane was quantified in a bottom reading plate reader;
1 mg/mL of human SDF-1 was preincubated either with or without an equimolar concentration of NOX-A12 and then added to the bottom of the
transwell inserts, which were coated with fibronectin. SDF-1 immobilized on fibronectin increases migration of HUVECs, which is completely inhibited
by NOX-A12. Each curve reflects the means of duplicates+SD from a single experiment and is representative of 5 independent experiments.

Fig. 2. SDF-1 inhibition after irradiation prolongs the survival of the brain
tumor–bearing rats. 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. The 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. Survival times are shown in Table 1.
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in this group continued to be undetectable until the appearance
of 2 recurrences 105 days after the initiation of treatment.

(3) The tumors in the rats given 20 Gy alone or 20 Gy + TMZ
behaved similarly with an initial decrease in volume to day
45 followed by a regrowth.

Though our primary purpose in this study wasto measure tumor
size following treatment, we also observed that the survival of the
ratsgiven NOX-A12 following irradiation wassignificantlyextended
compared with those rats given irradiation alone or irradiation +
TMZ. We also in the same experiment assessed the effect of
adding TMZ to the irradiation + NOX-A12 protocol and found that
the addition of TMZ did not further extend the life span of the
rats given irradiation + NOX-A12, further supporting our
conclusion that the addition of NOX-A12 is superior to the addition
of TMZ.

In order to be sure that the efficacy of NOX-A12 was not just
confined to this rat model, we performed an experiment with
U251 human GBM implanted intracranially into immune deficient
nude mice, measuring tumor response using bioluminescent
imaging. The results obtained showed that the addition of
NOX-A12 (10 mg/kg 3× per wk) following 12 Gy WBI produced

substantial additional tumor shrinkage and growth delay com-
pared with irradiation only (Supplemental Fig. S2).

Discussion
In earlier preclinical studies, we have shown that we could inhibit or
delay the regrowth of subcutaneously implanted FaDu human
head and neck cancer7 or intracranially implanted U251 human
GBM5 following irradiation using a variety of strategies to prevent
the radiation-induced influx of CD11b+ myelomonocytes. These
included inhibition of the transcription factor hypoxia inducible
factor–1, inhibition of CXCR4 (by the small molecule plerixafor as
well as by anti-CXCR4 antibodies), depletion of macrophages
using carrageenan,5 and use of CD11b blocking antibodies.7 Al-
though we obtained total abrogation of regrowth in the U251
tumor, we achieved only a modest increase in growth inhibition
with the U87 human GBM.5 This result suggests that some
tumors might be more, orcould become more, dependent on alter-
native pathways of vasculogenesis after irradiation. Such path-
ways may also include CXCR7, the more recently discovered
second receptor for SDF-1. This assumption seems an attractive
possibility because CXCR7 is highly expressed on endothelial cells

Fig. 3. MRI is effective in detecting the ENU-induced brain tumors. Rats born to mothers given a single injection of ENU on day 18 of gestation were imaged
by MRI, and when 1 or more tumors per rat were detected, the rats were sacrificed and the brains seriallysectioned and stained with hematoxylin and eosin
to identify the same lesions as seen on the MRI scans. MRI also detected all but the smallest lesions detected from the histology. Shown are representative
images of 3 rats from a total of 11 analyzed.

Table 1. Analysis of survival of ENU-treated rats at day 384

P value Control NOX-20
Alone

20 Gy
Alone

20 Gy + NOX-5,
4 wk

20 Gy + NOX-20,
4 wk

20 Gy + NOX-5,
8 wk

20 Gy + NOX-20,
8 wk

20 Gy + No
ENU

No
ENU + NOX-20,
8 wk

Med. Surv 189 173.5 196 244.5 221 291 349 .384 .418
Vs 20 Gy 0.07 NS – 0.10 NS 0.05 0.003 ,0.0001 0.01
Vs Control – NS 0.07 0.05 0.02 0.0006 ,0.0001 ,0.0001 0.008

Controls and 20 Gy alone were pooled data from 3 studies.
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of many tumors, including GBM,10 – 12 and CXCR7 has also been
shown to facilitate transendothelial cell migration and vascular
tube formation by EPCs in vitro.22

The present study was performed with 2 main objectives: first,
to investigate the efficacy of an inhibitor to the chemokine SDF-1,
which blocks the signaling of both known SDF-1 receptors, CXCR4
and CXCR7 (Fig. 1A–C); second, to evaluate the strategy of employ-
ing a more refractory and naturally occurring tumor model as close
as possible to clinically appearing brain tumors. Therefore, we
selected the ENU-induced brain tumor model in rats. The key
advantages of this model are that the tumors arise autochtho-
nously in immune competent hosts and have a genetic diversity
and aggressiveness comparable to human brain tumors.19 Fur-
thermore, macroscopic tumors frequently contain high levels of
vascular endothelial growth factor, hemorrhage, and focal necro-
sis, all general characteristics of the most malignant glioblast-
omas. Most importantly, these tumors, similar to human
glioblastomas, are very resistant to treatment: maximum toler-
ated repeated doses of TMZ do not affect survival, and high
doses of vascular endothelial growth factor inhibitors have only a
slight effect on tumor progression (Recht et al, unpublished). As
is evident from Fig. 2, we confirmed the resistance of these
tumors by the fact that a dose of 20 Gy WBI resulted in a small
and not significant (P¼ .07) increased survival of the rats.

As can be deduced from Fig. 2 as well, we showed that inhibition
of the SDF-1 pathway in combination with a single dose of 20 Gy
markedly enhanced the survival of the rats. This finding of an
enhanced response on tumors was also confirmed by real-time
MRI measurements (Fig. 4). In this second study we also showed
that the effect of blocking SDF-1 with NOX-A12 in combination
with irradiation was significantly greater than the effect of addition
of TMZ to tumor irradiation.

To address the question of whether the in vivo effects of
NOX-A12 on tumor regrowth are the result of a direct reduction
of tumor cell growth by SDF-1 inhibition, we irradiated log phase

U251 cells in vitro and maintained similar levels of NOX-A12 in
the medium following irradiation. We saw no effect of the drug
on the survival of U251 human GBM cells to irradiation, nor to the
growth of the cells with or without prior treatment with irradiation
(Supplemental Fig. S3). We therefore conclude that the effect of
NOX-A12 is not a direct one on the tumor cells but is consistent
with inhibition of the post-irradiation recovery of tumor blood
flow in line with the observations published earlier with U251
GBM using the CXCR4 inhibitor AMD-3100 following irradiation.5

These data lead to the question on the mechanism by which
SDF-1 inhibition prevents the eventual restoration of the tumor
vasculature after irradiation. To address this question we first
have to ask, how does the tumor restore its vasculature following
irradiation? There are 3 main possibilities:

(1) Angiogenesis sprouting from nearbyunirradiated blood vessels
eventually reaches the irradiated tumors. However, we con-
sider this possibility unlikely because the whole brains of the
rodents were irradiated and not just the tumors themselves.
We note, however, that this is a possibility in the more
normal situation in radiotherapy in which the radiation dose
is more directly focused on the tumor itself. Despite this,
there are situations such as with multiple brain metastases
in which WBI is delivered.23

(2) The tumor vasculature regrows from surviving ECs in and
around the tumors. This is a scenario favored in a recent
comment published by Kozin and colleagues.24 They argue
that several investigators (including ourselves5) have failed to
find bone marrow derived (BMD) ECs in tumors after irradiation
and that the radiation-induced influx of pro-inflammatory and
pro-angiogenic monocytes/macrophages would protect the
ECs from radiation killing. Although this is a possibility, the pro-
tective effect of the BMD monocytes on the irradiated endothe-
lial cells would have to be beyond what has ever been observed
for radiation cell killing to account for the magnitude of the
effects we see with inhibition of the SDF-1 pathway. Also,
increased levels of SDF-1 and BMD monocytes in the tumor
occur days to weeks after irradiation5,8 and therefore after
the completion of cellular DNA repair.

(3) Circulating ECs or EPCs and pro-angiogenic monocytes colon-
ize the tumor after irradiation, thereby restoring the vascula-
ture through the process of vasculogenesis. We and others
have demonstrated the influx of pro-angiogenic CD11b+
monocytes into solid tumors following irradiation5,6,8 but, as
noted earlier, failed to detect BMD ECs in the tumors.
However, it was reported that the circulation of ECs or EPCs
derives from other tissues, including vessel walls, the gastro-
intestinal tract, and liver.25 – 27 Furthermore, several authors,
including ourselves, have shown an increase in circulating
ECs or EPCs after treatment of tumors with vascular disruptive
agents, chemotherapy,28,29 and irradiation.30

Based on these considerations, we believe that the evidence sup-
ports the post-irradiation colonization of the tumors with myelo-
monocytes and ECs and/or EPCs; these cells seem to play a
major role in restoring tumor vasculature after irradiation.
Several investigators have shown that the recruitment and reten-
tion of pro-angiogenic cells from the bone marrow to sites of ische-
mic tissue damage or to tumors are mediated by the interaction
of SDF-1 with CXCR4.31 – 33 In support of this, our in vitro data

Fig. 4. Addition of NOX-A12 following irradiation of the ENU-induced brain
tumors produces complete responses by MRI. In utero ENU-treated rats
were imaged by MR starting on day 130 of age, repeated every 2 weeks
until death. Rats were distributed into the various treatment groups so as
to have approximately equal total tumor volumes in each group at the
start of treatment.
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(Fig. 1) show that NOX-A12 potently inhibits SDF-1–dependent
chemotaxis of both myelomonocytes and ECs. Interestingly, we
have previously demonstrated that SDF-1 is induced by hypoxia
in vitro in a manner dependent on hypoxia inducible factor–1,
that U251 tumors become hypoxic following irradiation, and that
SDF-1 is produced in the tumors as they become hypoxic.5 As
noted earlier, we demonstrated with the U251 intracranial model
that the post-irradiation recruitment of BMD cells can be prevented
using AMD3100 (plerixafor), a drug that blocks the interaction of
SDF-1 with CXCR4, and that this delays tumor recurrence following
both single and fractionated doses of irradiation. Of note, besides
its activity to block CXCR4, AMD3100 is an allosteric agonist of
CXCR734 that can signal through b-arrestin and may activate the
endothelium, leading to increased invasiveness of cancer cells.35

One possible extension of our work is with the use of anti-
angiogenic therapy that does not involve irradiation. Xu and collea-
gues36 have demonstrated that anti-angiogenic therapy of
patients with rectal cancer with bevacizumab upregulates both
SDF-1 and CXCR4 in the tumors. These data raise the possibility
that anti-angiogenic therapy may increase vasculogenesis and
that blockage of SDF-1 or its receptors may enhance the efficacy
of this therapy. In preliminary studies we have in fact shown this
to be the case with the C6 tumor implanted intracranially in rats
(Liu and Brown, unpublished).

In summary, the present data confirm and extend our earlier
findings with CXCR4 blockade with the U251 tumor using a more
clinically realistic glioma model in which the tumors develop in
an autochthonous manner in immune competent hosts. We
further show that inhibition of SDF-1 post-irradiation is superior
in shrinking brain tumors after irradiation compared with TMZ at
doses equivalent to those used with concomitant radiotherapy in
treating GBM. A summary of the proposed mechanism of tumor
vasculogenesis and the various successful inhibitors of the
process is presented in Fig 5.

Based on the results obtained from this study, we believe that a
clinical trial of NOX-A12 in combination with standard therapy in
first-line glioblastoma patients would be justified. NOX-A12
doses and treatment times in these preclinical studies were
chosen based on equivalents found to be safe and well tolerated
in humans, and the drug is currently in phase II studies for the treat-
ment of chronic lymphocytic leukemia and multiple myeloma.
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