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Colony stimulating factor 1 receptor inhibition delays recurrence
of glioblastoma after radiation by altering myeloid cell recruitment
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Background. Glioblastoma (GBM) may initially respond to treatment with ionizing radiation (IR), but the prognosis remains ex-
tremely poor because the tumors invariably recur. Using animal models, we previously showed that inhibiting stromal cell -derived
factor 1 signaling can prevent or delay GBM recurrence by blocking IR-induced recruitment of myeloid cells, specifically monocytes
that give rise to tumor-associated macrophages. The present study was aimed at determining if inhibiting colony stimulating
factor 1 (CSF-1) signaling could be used as an alternative strategy to target pro-tumorigenic myeloid cells recruited to irradiated
GBM.

Methods. To inhibit CSF-1 signaling in myeloid cells, we used PLX3397, a small molecule that potently inhibits the tyrosine kinase
activity of the CSF-1 receptor (CSF-1R). Combined IR and PLX3397 therapy was compared with IR alone using 2 different human
GBM intracranial xenograft models.

Results. GBM xenografts treated with IR upregulated CSF-1R ligand expression and increased the number of CD11b+ myeloid-
derived cells in the tumors. Treatment with PLX3397 both depleted CD11b+ cells and potentiated the response of the intracranial
tumors to IR. Median survival was significantly longer for mice receiving combined therapy versus IR alone. Analysis of myeloid cell
differentiation markers indicated that CSF-1R inhibition prevented IR-recruited monocyte cells from differentiating into immuno-
suppressive, pro-angiogenic tumor-associated macrophages.

Conclusion. CSF-1R inhibition may be a promising strategy to improve GBM response to radiotherapy.
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Glioblastoma (GBM) is the most common and most aggressive
primary brain tumor, with median survival of <15 months
after diagnosis and 2-year survival of only 25%."? This dire
prognosis is primarily due to the rapid recurrence of GBM
following standard therapy, which currently consists of a
combination of surgery, radiotherapy, and temozolomide
chemotherapy.

Radiation therapy is an integral component of GBM treatment,
and a considerable amount of effort has gone into enhancing its
efficacy. Radiosensitizers, high-dose boost stereotactic radiosur-
gery techniques, and adjuvant therapies such as angiogenesis in-
hibition have all been used in an attempt to improve local control
of GBM by ionizing radiation (IR).?~* However, these strategies

have met with little success, and the tumors invariably recur—
usually within the radiation field.” Thus, there remains a pressing
need to develop novel treatments that significantly enhance the
efficacy of radiotherapy and are capable of preventing tumor
recurrence.

Stromal cells within the tumor microenvironment, and in
particular tumor-associated macrophages (TAMs), have been
demonstrated to play a key role in solid tumor progression
and resistance to therapy.® We have previously shown in rodent
models that GBM resistance to radiation is dependent on mye-
loid cells, specifically bone marrow -derived monocytes that
give rise to TAMs, which stimulate the growth of new tumor
blood vessels.” The irradiated tumors secrete the chemokine

Received 23 February 2015; accepted 4 October 2015

© The Author(s) 2015. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved.

For permissions, please e-mail: journals.permissions@oup.com.

797



Stafford et al.: CSF-1R inhibition delays recurrence of irradiated GBM

stromal cell-derived factor 1 (SDF-1, aka CXCL12), which binds
to its receptor CXCR4 expressed on circulating monocytes.
Drugs that target SDF-1 or CXCR4 inhibit monocyte infiltration
into tumors and delay and, in some cases, completely block
GBM recurrence.””® However, other chemokines secreted
by tumors have been implicated in the recruitment of
pro-tumorigenic TAMs and their monocytic precursors.®*°

Colony stimulating factor 1 (CSF-1) is another chemokine
that appears to be a promising target for inhibiting TAM contri-
bution to tumor progression. CSF-1 is a potent chemoattractant
and is considered the most important growth factor regulating
the differentiation of monocytes into macrophages.’ Consis-
tent with this, CSF-1 overexpression correlates with increased
TAM infiltration and poor clinical outcome in multiple types of
cancer.>11-14

Here we show that inhibition of CSF-1 receptor (CSF-1R)
enhances irradiation by altering both the recruitment and the
phenotype of myeloid-derived cells recruited to irradiated GBM
tumors. We used 2 different GBM models: luciferase-expressing
U251 (U251-luc) tumors that allowed in vivo imaging of tumor
growth and patient-derived GBM12 tumors that may have en-
hanced clinical relevance.'® GBM xenografts treated with IR
upregulated expression of CSF-1R ligands and increased the
numbers of intratumor CD11b+ myeloid cells. Treatment with
the CSF-1R inhibitor PLX3397 depleted CD11b+ cells and signifi-
cantly delayed recurrence of intracranial GBM tumors growing in
mice treated with whole-brain irradiation (WBI). Analysis of
myeloid cell differentiation markers suggested that CSF-1R inhi-
bition also blocked IR-recruited monocytes from differentiating
into immunosuppressive, pro-angiogenic TAMs.

Materials and Methods

Cell Culture

U251 human glioblastoma cells were obtained from R. K. Puri
(FDA) and maintained in Dulbecco’s modified Eagle’s medium
with 10% fetal bovine serum (Gibco). U251-luc cells were gen-
erated using the pFB-Luciferase retrovirus system (Stratagene)
as previously described.” GBM12 tumors were obtained from
J. N. Sarkaria (Mayo Clinic) and propagated by serial transplan-
tation in the flanks of athymic nu/nu (nude) mice (National
Cancer Institute). Prior to intracranial implantation, GBM12
cells were harvested from flank tumors and grown as short-
term explant cultures on Matrigel-coated flasks in Dulbecco’s
modified Eagle’s medium with 2.5% fetal bovine serum as
previously described."”

GBM Tumor Models

Subcutaneous tumors were generated by inoculating 2 x 10°
U251-luc tumor cells into the left hind limb of nude mice.
Orthotopic tumors were generated by intracranial inoculation
of GBM tumor cells as previously described.'® Briefly, the cells
were stereotactically injected into the right hemisphere of the
brain at 1.5 mm posterior of the bregma, 1.5 mm to the right of
the sagittal suture, and 2.5 mm below the surface of the skull.
For U251-luc orthotopic tumors, 1 x 108 cells were inoculated,
whereas 3 x 10° cells were inoculated for GBM12 orthotopic
tumors. All tumor cells were obtained according to Stanford

University’s institutional review board guidelines, and all animal
procedures were approved by the Administrative Panel on
Laboratory Animal Care.

Imaging and Irradiation

Growth of orthotopic U251-luc tumors was monitored by biolu-
minescence imaging (BLI). Mice were anesthetized with isoflur-
ane and injected intraperitoneally with 150 mg/kg D-luciferin
(PerkinElmer). The mice were imaged 5 min after injection with
an IVIS Lumina imaging system (Xenogen). When the tumors
reached a size corresponding to a BLI signal of 2-5 x 10% pho-
tons/sec they were given 12 Gy WBI, by using opposed lateral
fields. Custom-made lead jigs were used for shielding nontarget
tissues, including the buccal mucosa. WBI, subcutaneous tumor
irradiation, and irradiation of cells growing in culture were per-
formed in single fractions 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).

Quantitative PCR Analysis

GBM cells growing in culture were trypsinized prior to RNA
isolation. Subcutaneous tumors were harvested and pieces
~3 mm? in size were disrupted with a PowerGen 125 rotor-stator
homogenizer (Fisher Scientific). Myeloid cells were isolated from
enzyme-digested tumors (as described for fluorescence
activated cell sorting [FACS] analysis below) using an EasySep
Mouse CD11b+ Selection Kit (Stem Cell Technologies). Total
RNA was isolated using an RNeasy Mini Kit (Qiagen) and cDNA
was synthesized using an RT? First Strand Kit (Qiagen). Real-time
PCR was then performed with a 7900HT Fast Real-time PCR sys-
tem (Applied Biosystems) using RT? SYBR Green ROX quantitative
PCR Mastermix (Qiagen). QuantiTect primers for human and
mouse genes of interest were also obtained from Qiagen.
B-actin expression was used as an internal control, and fold
change in gene expression between treatment groups was
calculated using the comparative cycle threshold method.’

Western Blot Analysis

Brains from mice bearing orthotopic U251-luc tumors were im-
aged ex vivo using the IVIS Lumina imaging system, and the
tumors were isolated from normal brain tissue. The tumors
were homogenized in T-PER Tissue Protein Extraction Reagent
(Thermo Fisher), and equal amounts of protein were subjected
to sodium dodecyl! sulfate-polyacrylamide gel electrophoresis
under reducing conditions and then transferred to nitrocellu-
lose membranes. The membranes were blocked with Super-
Block Blocking Buffer (Thermo Fisher) for 1 h and then
incubated with rabbit anti-human CSF-1 antibody (Proteintech)
or rabbit anti-human interleukin (IL)-34 (Abcam) diluted
1:1000 in blocking buffer overnight at 4°C. Primary antibodies
were detected using horseradish peroxidase-conjugated goat
anti-rabbit immunoglobulin G (Jackson Immunoresearch)
diluted 1:10 000 and SuperSignal West Substrate (Thermo
Fisher). To determine loading efficiency, the membranes were
stripped and reprobed with a rabbit anti-B-actin antibody
(Abcam).
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Fluorescence Activated Cell Sorting Analysis

Subcutaneous tumors were harvested and mechanically dissoci-
ated and single-cell suspensions were prepared by digestion with
200 pg/mL Liberase DH (Roche) for 1 h at 37°C. Red blood cells
were removed by incubation in red blood cell lysis buffer (eBio-
science) for 10 min on ice, and dead cells were stained with a
LIVE/DEAD cell viability kit (Life Technologies). Rat anti-mouse
CD11b/fluorescein isothiocyanate, Ly6C-allophycocyanin, Ly6G-
PerCP-Cy5.5, CD16/CD32 (Fc block) antibodies and isotype
controls were obtained from BD Biosciences. Antibodies were
incubated at a concentration of 1:500 in FACS buffer (Dulbecco’s
phosphate buffered saline, 2% bovine serum albumin, 1 mM
EDTA, 0.02% NaNs) for 30 min. The cells were washed 3x with
FACS buffer and then analyzed with a FACScan flow cytometer
(BD Biosciences).

Immunohistochemical Analysis

Frozen sections (10 uM) were prepared from brains from mice
bearing orthotopic tumors. Malignant tissue was detected with
standard hematoxylin and eosin (H&E) staining. Myeloid cells
were identified by staining with a rat anti-mouse biotin-
conjugated CD11b antibody (BD Biosciences), and TAMs were
identified with a rat anti-mouse biotin-conjugated F4/80 anti-
body (AbD Serotec) or a rat anti-mouse CD206 antibody (Thermo

Fisher). All antibodies were diluted 1:500 in 1% bovine serum al-
bumin with the exception of the anti-CD206 antibody, which was
diluted 1:200. Stained sections were mounted in Prolong Gold
antifade reagent with 4',6’-diamidino-2-phenylindole (Life Tech-
nologies) to counterstain cell nuclei.

Statistical Analysis

Statistical significance was determined by Student’s t-test.
P-values <.05 were considered to be statistically significant.
Kaplan-Meier curves and the log-rank test were used to com-
pare survival times between treatment groups. All calculations
were performed using GraphPad Prism.

Results

Ionizing Radiation Induces Expression of CSF-1R Ligands
in GBM Tumors

U251-luc tumors and GBM12 tumors were implanted subcuta-
neously in nude mice and irradiated with a single dose of 12 Gy.
Quantitative PCR was used to assay expression of CSF-1 and
IL-34, the known ligands for CSF-1R,'® at different time points
after irradiation (n=5-6/group). Irradiated U251-luc tumors
exhibited increased expression of CSF-1 and IL-34 mRNA at
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Fig. 1. IRinduces expression of CSF-1R ligands in GBM tumors. Subcutaneous U251-luc (A and D) and GBM12 (B and E) tumors were irradiated with
a single dose of 12 Gy and assayed for CSF-1 and IL-34 expression at different time points by quantitative (q)PCR (Untr = untreated controls). (C)
Intracranial U251-luc tumors irradiated with 12 Gy were assayed for CSF-1 and IL-34 expression by western blot at 7 d after IR. (F) U251-luc cells
growing in culture were irradiated with 5 Gy and analyzed by qPCR 48 h later. CSF-1 and IL-34 expression were normalized to B-actin expression in
each experiment. Error bars represent mean +SEM for n=5-6 mice or 4 culture flasks per group. ***P <.001 and **P < .01; Student’s t-test.
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Fig. 2. CSF-1Rinhibition reduces the number of CD11b+ myeloid cells in irr

adiated GBM tumors. Mice bearing subcutaneous U251-luc tumors were

treated with PLX3397 (40 mg/kg/d), IR (12 Gy), or IR + PLX3397. (A) The tumors were harvested at different time points after irradiation and
analyzed by FACS using an anti-CD11b antibody. Error bars represent mean +SEM for n=5-6 mice. **P <.01 and *P <.05; Student’s t-test
(relative to untreated). (B) Representative FACS plots from tumors analyzed at 14 d after irradiation.

all time points examined, with expression of each ligand in-
creased more than 14-fold at 7 days after treatment compared
with untreated controls and between 2- and 8-fold at later time
points (Fig. 1A and D). Irradiated GBM12 tumors also showed
elevated expression of CSF-1 and IL-34, with expression
increased between 3- and 6-fold when examined at 7 and 21
days after treatment (Fig. 1B and E). U251-luc tumors were also
implanted intracranially and assayed for CSF-1 and IL-34 pro-
tein expression by western blot 7 days after treatment with
12 Gy. Increased CSF-1 and IL-34 protein levels were detected
inirradiated tumors compared with untreated controls (Fig. 1C).
Finally, U251-luc cells growing in culture irradiated with 5 Gy
were found to increase expression of CSF-1 and IL-34 mRNA
within 48 h (Fig. 1F).

CSF-1R Inhibition Depletes CD11b+ Myeloid Cells
in Irradiated GBM Tumors

Mice bearing subcutaneous U251-luc tumors were treated with
PLX3397 alone (40 mg/kg/d), IR alone (12 Gy), or IR + PLX3397.
Untreated controls and the “IR alone” group were given an inac-
tive PLX3397 analog. The tumors were harvested at different
time points (n=5-6/group) and analyzed by FACS using a
CD11b antibody to identify myeloid-derived cells. Radiation-
induced myeloid cell recruitment was highest at 14 days after
treatment, with 33.7% of the cells in IR-treated tumors staining
positive for CD11b compared with 14.9% in untreated controls

(Fig. 2A and B). However, only 20.2% of the cells in tumors treat-
ed with IR+ PLX3397 were positive for CD11b at 14 days after
treatment, which was similar to untreated controls. Tumors
treated with PLX3397 alone had fewer myeloid cells at 7 and
21 days than untreated controls, but the difference between
the 2 groups was not statistically significant at 14 days (P = .06).

CSF-1R Inhibition Sensitizes GBM Tumors to Irradiation

U251-luc tumors were implanted orthotopically into the brains
of mice, and tumor growth was monitored by BLI. At 18 days
after implantation, the mice were treated with PLX3397
alone, IR alone, or IR+ PLX3397 (n = 5-6/group). Untreated
controls and the IR alone group were again given the inactive
PLX3397 analog. At 50 days, BLI signals were ~100-fold small-
er in mice receiving IR + PLX3397 treatment than in those re-
ceiving only IR or PLX3397 alone, reflecting a large difference
in tumor size (Fig. 3A and B). Median survival of mice bearing
intracranial U251-luc tumors treated with IR and PLX3397
was significantly longer than that for mice treated with IR
alone (87 d vs 57 d, P<.0001; log-rank test) and was more
than twice that of untreated controls (42 d) (Fig. 3C). Median
survival for mice treated with PLX3397 alone at 48 days was
longer than that for untreated controls, but the difference
was not statistically significant (P=.054).

CSF-1R inhibition also enhanced the effect of IR on ortho-
topic GBM12 tumors. GBM12 tumors grew at a faster rate
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Fig. 3. CSF-1R inhibition sensitizes GBM tumors to irradiation. Mice bearing intracranial U251-luc or GBM12 tumors were treated with PLX3397
(40 mg/kg/d), IR (12 Gy), or IR + PLX3397. (A) Growth curves of intracranial U251-luc tumors measured by BLI. Error bars represent mean+
SEM for n=5-6 mice. (B) Representative BLI images showing U251-luc tumor growth in individual mice from the different treatment groups.
(C) Kaplan-Meier survival curves for mice bearing intracranial U251-luc tumors (n = 6-8 mice/group). Median survival for mice treated with
IR+ PLX3397 was 87 d vs 57 d for IR alone (P <.0001; log-rank test). (D) Kaplan-Meier survival curves for mice bearing intracranial GBM12
tumors (n = 5-6 mice/group). Median survival for mice treated with IR + PLX3397 was 61 d vs 36 d for IR alone (P <.0001; log-rank test).

than U251-luc tumors and therefore mice were divided into the
previously described treatment groups at 14 days post-
implantation. Median survival of mice bearing intracranial
GBM12 tumors treated with IR+ PLX3397 was again signifi-
cantly longer than that for mice treated with IR alone (61 vs
36 d, P<.0001; log-rank test) and ~3 times longer than medi-
an survival of untreated controls (20 d) (Fig. 3D). PLX3397 treat-
ment alone did not have a significant effect on median survival
of mice bearing GBM12 tumors. H&E-stained brain sections
harvested from IR + PLX3397-treated mice at 48 days indicat-
ed that the combined treatment dramatically inhibited tumor
growth when compared with brain sections taken from mice
in the other treatment groups at earlier time points (Fig. 4A).
Although no malignant tissue was evident by H&E stain, stain-
ing with a human-specific vimentin antibody did reveal residual
tumor cells at the implantation site (Supplementary Fig. S1).
Brain sections taken from U251-luc-implanted mice treated
with IR 4+ PLX3397 at 60 days also lacked any detectable hyper-
cellularity associated with proliferating tumor tissue and in-
stead appeared to only have fibrotic regions at the
implantation site (Fig. 4B). Importantly, the fibrotic regions
were virtually absent of CD11b+ myeloid cells or F4/80+
TAMs, whereas orthotopic tumors treated with IR alone had
significantly increased numbers of CD11b+ and F4/80+ cells
compared with controls (Fig. 4B and C). To determine whether
PLX3397 had any effect on tumor cell proliferation, we

performed an in vitro cell viability assay. PLX3397 did not exhib-
it cytotoxicity to U251-luc tumor cells but did exhibit cytotoxic-
ity to Raw264.7 macrophages with a lethal dose required to kill
50% of cells of ~6 uM (Supplementary Fig. S2).

CSF-1R Inhibition Specifically Depletes CD11b+Ly6c—
Monocytes in Irradiated Tumors

In mice, CD11b+ myeloid cells recruited to tumors can be
divided into monocytic and granulocytic subpopulations, with
the latter being identified by expression of the cell surface
antigen Ly6g.*® FACS analysis of irradiated U251-luc tumors
revealed that PLX3397 treatment did not significantly alter
the number of Ly6g+ granulocytes in the tumors (Fig. 5A and
B). We therefore focused our analysis on Ly6g— monocytes,
which can be further divided into 2 subpopulations based on
their expression of Ly6c, with Ly6c+ monocytes functioning
as precursors to Ly6c— monocytes and TAMs.29~22 CSF-1 is
the primary growth factor driving monocyte differentiation,’
and monocytes isolated from the bone marrow of mice exhib-
ited decreased Ly6c expression when cultured in vitro with re-
combinant CSF-1 (Supplementary Fig. S3A). Irradiated tumors
treated in combination with PLX3397 had significantly fewer
CD11b+Ly6c— monocytes (4.5% tumor) than those treated
with IR alone (13.0% tumor) (Fig. 5A and C). PLX3397 treat-
ment did not, however, significantly reduce the number of
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Fig. 4. Immunohistochemistry showing that IR combined with CSF-1R inhibition dramatically inhibits GBM growth. (A) H&E-stained brain sections
from mice bearing intracranial GBM12 tumors. Brains were harvested at different time points after implantation: untreated (21 d), PLX3397 (21 d),
IR (31 d), and IR + PLX3397 (48 d, arrow indicates implantation site). (B) Serial brain sections from mice bearing intracranial U251-luc tumors
harvested at different time points: untreated (43 d), PLX3397 (43 d), IR (57 d), IR +PLX3397 (60 d). Top panels show H&E-stained sections,
middle panels show sections stained for CD11b (green), and lower panels show sections stained for F4/80 (green). Scale bar = 200 pm.

CD11b+Ly6c+ monocytes in irradiated tumors. Interestingly,
CSF-1R inhibition caused an increase in the number of CD11b—
Ly6c+ cells that was proportional to the reduction in CD11b+
Ly6c— cells, suggesting that total numbers of cells in the
tumors derived from bone marrow -derived precursors were
relatively unchanged (Fig. 5A and C).

CSF-1R Inhibition Blocks Differentiation of
Pro-tumorigenic TAMs that Contribute to GBM Recurrence

Alternatively activated (M2) TAMs are known to promote
tumorigenesis and refractoriness to radiotherapy?*“ and can
be identified by expression of CD206 (aka macrophage man-
nose receptor).?> Immunohistochemical analysis of intracranial
U251-luc tumors 7 days after irradiation with 12 Gy revealed
that a high proportion of CD11b+ myeloid cells also stained
positive for CD206 (Fig. 6A). Tumors treated with IR and
PLX3397 had significantly fewer CD206+ macrophages
(Fig. 6A). Furthermore, quantitative PCR analysis of myeloid
cells isolated from subcutaneous tumors treated with IR and
PLX3397 revealed lower expression of genes associated with

an M2 phenotype relative to those treated with IR alone. Myeloid
cells from irradiated tumors exhibited increased expression of
arginase-1 (Arg1), lymphatic vessel endothelial hyaluronic recep-
tor 1 (Lyvel), and IL-10 (Il10). Expression of Argl and Il10 was
significantly lower in tumors treated with IR 4+ PLX3397, with
IL10 expression reduced to levels lower than in myeloid cells
from untreated tumors. Although PLX3397 appeared to slightly
inhibit the induction of Lyvel, the difference was not statistically
significant (Fig. 6B). Conversely, CSF-1R inhibition increased ex-
pression of genes associated with a pro-inflammatory M1 TAM
phenotype, notably IL-6 (Il6), nitric oxide synthase 2 (Nos2),
and tumor necrosis factor alpha (Tnfa). Il6 was downregulated
in TAMs from IR-treated tumors but less downregulated in tu-
mors treated with IR + PLX3397 (Fig. 6C). Nitric oxide synthase
2 (Nos2) and tumor necrosis factor alpha (Tnfa) were slightly
upregulated in TAMs from irradiated tumors but upregulated
to a much higher extent (20- to 40-fold) in TAMs from tumors
treated with IR 4+ PLX3397 (Fig. 6C).

M2 polarized TAMs are also known to be pro-angiogenic,®®
and we have demonstrated that one of the primary mecha-
nisms by which myeloid-derived cells contribute to GBM
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Fig. 5. CSF-1R inhibition specifically depletes CD11b+Ly6c— monocytes in irradiated tumors. Mice bearing subcutaneous U251-luc tumors were
treated with IR (12 Gy) +PLX3397 (40 mg/kg/d). (A) The tumors were harvested 21 d after irradiation and analyzed by FACS using antibodies
specific for CD11b, Ly6c, and Ly6g. Gated populations in upper panels indicate Ly6g+ cells. Only Ly6g— cells were analyzed for expression of
CD11b and Ly6c (lower panels). SSC, side scattered light. (B) Summary of FACS analysis of Ly6g expression. (C) Summary of FACS analysis of
CD11b and Ly6c expression. Error bars represent mean +SEM for n=5-6 mice. **P <.01; Student’s t-test.

radioresistance is by promoting the growth of the tumor vascu-
lature.?’ Consistent with this, monocytes isolated from the
bone marrow of mice that were cultured with CSF-1 exhibited
an increased capacity to promote endothelial cell tube forma-
tion in vitro (Supplementary Fig. S3B) and upregulated expres-
sion of vascular endothelial growth factor (VEGF)A by more
than 30-fold (Supplementary Fig. S3C). We therefore analyzed
blood vessel formation in subcutaneous U251-luc tumors
treated with IR using the pan-endothelial cell marker CD31.
At 14 days after IR, PLX3397 reduced CD31+ microvessel
density in irradiated tumors by >50% Supplementary Fig. S3D
and S3E. Non-irradiated tumors also showed decreased CD31+
microvessel density relative to untreated controls.

Discussion

The present study suggests that radiotherapy for GBM could be
significantly improved by inhibiting CSF-1R signaling in myeloid-
derived cells recruited to the irradiated tumors. Using 2 preclin-
ical models, we show that irradiated GBM tumors upregulate ex-
pression of the 2 cognate ligands of CSF-1R (CSF-1 and IL-34),
recruit increased numbers of CD11b+ myeloid cells, and that
treatment with the CSF-1R inhibitor PLX3397 prevents myeloid
cell recruitment. Further, inhibition of CSF-1R prevents the
radiation-induced accumulation of CD11b+Ly6c— monocytes
and pro-tumorigenic TAMs that support GBM recurrence. These
2 effects of CSF-1R blockade markedly enhanced radiotherapy
for intracranial GBM tumors growing in mice, with the increase

in median survival over controls as much as 2- or 3-fold longer
for mice receiving combined treatment than those treated with
IR alone.

We and others have previously demonstrated that inhibiting
the SDF-1/CXCR4 signaling pathway enhances radiotherapy
specifically by blocking CD11b+ myeloid cell recruitment to ir-
radiated tumors.”®?® Recent evidence suggests that inhibiting
the CSF-1/CSF-1R pathway represents an alternative strategy to
block myeloid cell recruitment to tumors and enhance the ef-
fects of radiotherapy or chemotherapy. Xu et al’® showed that
PLX3397 can enhance radiotherapy for prostate carcinomas
growing in mice by blocking radiation-induced recruitment of
CD11b+F4/80+ TAMs and CD11b+Gr1+ granulocytic myeloid-
derived suppressor cells. Similarly, DeNardo et al*® demonstrat-
ed that PLX3397 can potentiate chemotherapy by blocking the
recruitment of CD11b+Ly6c—F4/80+ TAMs to mammary carci-
nomas treated with paclitaxel.® CSF-1 has been reported to be
a potent macrophage chemoattractant,**? and the hypothe-
sis that PLX3397 functions by reducing TAM migration and infil-
tration into tumors is consistent with the data presented in this
report. However, to our knowledge, this is the first report to
show that irradiated GBM tumors may upregulate expression
of IL-34 in addition to CSF-1.

Since CSF-1 is also the primary growth factor driving differ-
entiation of monocytes into macrophages,? PLX3397 may also
function by altering maturation of CD11b+Ly6c+ monocytes.
PLX3397 did not affect the recruitment of CD11b+Ly6c+ im-
mature monocytes to irradiated GBM (Fig. 5) or mammary car-
cinomas treated with paclitaxel in the aforementioned study.>®
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Fig. 6. CSF-1R inhibition specifically blocks differentiation of pro-tumorigenic TAMs that contribute to GBM recurrence after IR. (A) Intracranial
U251-luc tumors were assayed for CD206+ macrophages at 7 d after treatment with IR (12 Gy) +PLX3397 (40 mg/kg/d) by
immunohistochemistry. Scale bar =200 um. Myeloid cells isolated from subcutaneous U251-luc tumors 7 d after treatment with IR+PLX3397
were analyzed for expression of genes associated with M2 (B) and M1 (C) macrophages by quantitative PCR. Expression of each gene indicated was
normalized to B-actin expression. Fold change in gene expression is relative to untreated controls; n = 5 mice/group. ****P < .0001, ***P <.001, and

*P < .05; Student’s t-test.

Furthermore, another small molecule inhibitor of CSF-1R,
BLZ945, has been shown to inhibit tumor progression in
platelet-derived growth factor B-driven glioma (PDG) trans-
genic mice without altering overall numbers of CD11b+
TAMs.?? In the PDG model, granulocyte-macrophage colony
stimulating factor (GM-CSF) and interferon-y secreted by the
tumor cells promoted survival of TAMs, which instead of being
depleted, were “reprogrammed” by BLZ945 to attack the tumor
cells. We also observed that PLX3397 does not inhibit
[R-induced expression of SDF-1 in GBM tumors growing in
mice (unpublished results). Thus, immature monocytes from
the bone marrow could be recruited to irradiated GBM tumors
via SDF-1 signaling and protected from PLX3397-induced
apoptosis by tumor-secreted growth factors.

Altered differentiation of bone marrow -derived monocytes
may explain the proportionate increase in CD11b—Ly6c+ cells
associated with the reduction in CD11b+Ly6c— mature macro-
phages in GBM treated with IR and PLX3397. With functional
CSF-1 signaling, immature CD11b+Ly6c+ monocytes recruited
to irradiated GBM maintain CD11b expression and eventually
lose expression of Ly6c as they differentiate into mature
TAMs. When CSF-1-mediated differentiation is blocked, Ly6c

expression is maintained and CD11b expression is instead
downregulated as monocyte differentiation is commandeered
by other cytokines. CSF-1 has been shown to act as a negative
regulator of dendritic cell (DC) differentiation,®* and monocytes
cultured with GM-CSF and IL-4 in the absence of CSF-1 differen-
tiate into CD11b— DCs.>”

Further studies are needed to characterize CD11b—Ly6c+
cells in PLX3397-treated tumors and to determine whether
they derive from monocytes recruited from the bone marrow.
During inflammation, CD11b+Ly6c+ monocytes can differenti-
ate into macrophages and DCs or remain relatively undifferen-
tiated and act as monocytic myeloid-derived suppressor cells.*®
CSF-1 signaling is thought to be essential for the development
of pro-tumorigenic M2 macrophages,®?’ and we found that
PLX3397 treatment decreased the number of M2 macrophages
as identified by CD206 expression. Furthermore, the expression
of M2-associated genes Arg1 and IL10 were significantly lower
in TAMs isolated from PLX3397-treated tumors. Meanwhile,
iNOS and TNF-a, genes generally associated with anti-
tumorigenic M1 macrophages and DCs,”**® were significantly
upregulated. Therefore, the CD11b—Ly6c+ cells detected in
PLX3397-treated tumors in this study are likely a combination
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of M1 polarized TAMs and monocyte-derived DCs. This reason-
ing is supported by data showing that TAMs isolated from
BLZ945-treated GBM lost their M2 polarization and exhibited
enhanced phagocytosis.®*

Several groups have provided compelling evidence that
CSF-1R inhibition stimulates antitumor immune responses via
activation of CD8+/CD4+ T-cells.?93033:39-41 However, T-cell
activation is unlikely to be the mechanism by which PLX3397
augments IR in our study, since GBM human xenograft models
require the use of athymic nude mice that, for the most part,
lack adaptive immunity. GBM xenografts treated with IR and
PLX3397 exhibited reduced microvessel density, suggesting
that inhibition of TAM-mediated angiogenesis in our study is
the major mechanism by which CSF-1R inhibition sensitized
GBM tumors to irradiation. Human monocytes cultured with
CSF-1 have previously been shown to induce VEGF expression
and exhibit pro-angiogenic activity,*” and we found this to be
true for CD11b+Ly6c+ monocytes isolated from the bone mar-
row of mice. CSF-1-induced monocyte differentiation was also
characterized by downregulation of Ly6c expression, demon-
strating that a CD11b+Ly6c— phenotype is associated with
monocytes that are pro-angiogenic. This corresponds with
data showing that Ly6c+ monocytes recruited to tissues by
VEGF convert to a Ly6c— phenotype with pro-angiogenic capa-
bilities** and data showing that Ly6c— monocytes patrol and
remodel blood vessels by clearing damaged endothelial
cells.***>

In summary, our findings indicate that disrupting CSF-1R
signaling in myeloid-derived cells may be a promising strategy
to inhibit GBM recurrence after radiotherapy. Inhibiting CSF-1R
with PLX3397 prevented monocytes recruited from the bone
marrow from differentiating into TAMs that support tumor
growth, and significantly improved GBM response to IR treat-
ment in our preclinical models. Clinical translation of CSF-1R in-
hibitors and other drugs that target pro-tumorigenic stromal
cells may be key to improving the current standard of care
and prognosis for human GBM patients.
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