in vivo 35: 119-129 (2021)
doi:10.21873/invivo.12239

Inhibition of Colony-Stimulating Factor-1 Receptor
Enhances the Efficacy of Radiotherapy and
Reduces Immune Suppression in Glioblastoma

MUAYAD F. ALMAHARIQ!", THOMAS J. QUINN!", PRAVIN KESARWANI!,
SHIVA KANT!, C. RYAN MILLER? and PRAKASH CHINNAIYAN!

IDepartment of Radiation Oncology, Beaumont Health, Royal Oak, MI, U.S.A.;
2Division of Neuropathology, Department of Pathology, O’Neal Comprehensive Cancer Center,
Comprehensive Neuroscience Center, University of Alabama School of Medicine, Birmingham, AL, U.S.A.;
30akland University William Beaumont School of Medicine, Rochester, MI, U.S.A.

Abstract. Aim: To use inhibition of colony-stimulating
factor-1 receptor (CSF-1IR) to target tumor-associated
macrophages (TAMs) and improve the efficacy of radiotherapy
in glioblastoma (GBM). Materials and Methods: The CSF-1R
inhibitor BLZ-945 was used to examine the impact of CSF-1R
inhibition on M2 polarization in vitro. Using an orthotopic,
immunocompetent GBM model, mice were treated with
vehicle, RT, BLZ-945, or RT plus BLZ-945. Results: BLZ-945
reduced M2 polarization in vitro. BLZ-945 alone did not
improve median overall survival (mOS=29 days) compared to
control mice (mOS=27 days). RT improved survival (mOS=45
days; p=0.02), while RT plus BLZ-945 led to the longest
survival (mOS=not reached; p=0.005). Resected tumors had
a relatively large population of M2 TAMs in GBM at baseline,
which was increased in response to RT. BLZ-945 reduced RT-
induced M2 infiltration. Conclusion: Inhibition of CSF-IR
improved response to RT in the treatment of GBM and may
represent a promising strategy to improve RT-induced
antitumor immune responses.

Glioblastoma (GBM) is the most common and aggressive
primary malignant brain tumor, and represents more than
half of all gliomas and ~16% of all primary brain tumors (1).
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The standard of care for the treatment of GBM is maximal
safe resection followed by concurrent chemoradiotherapy
(2). Despite significant improvements in surgical technique
and increased accuracy of radiotherapy (RT) delivery in the
modern era, GBM remains virtually incurable, with a median
overall survival (OS) of less than 2 years (1). One potential
strategy to achieve clinical gains is to improve the immune
response to GBM, which is particularly adept at creating an
immunosuppressive tumor microenvironment that both
promotes the survival of tumor cells and mediates radiation
resistance (3). Our group and others have shown in animal
and human studies that there is a rapid pro-inflammatory
response within the GBM milieu after RT, followed by an
influx of immunosuppressive cells that temper antitumor
immunity (4-6).

Unfortunately, early results of combining immune
checkpoint inhibitors with RT for the treatment of GBM
have been disappointing. CheckMate-498, a phase III study,
randomized 550 patients with newly diagnosed GBM to
resection followed by concurrent RT and temozolomide or
concurrent RT and nivolumab, an antibody to programmed
cell death-1 (PD1), and found no difference in OS between
the two arms (7). Another phase III trial, CheckMate-143,
compared nivolumab to bevacizumab in the treatment of
patients with recurrent GBM and also showed no
improvement in OS with nivolumab (8). Multiple other
checkpoint inhibitors have been tested in phase II trials in
patients with GBM with no promising results (9).

One of the leading hypotheses for the lack of clinical
benefit of the commonly used immune checkpoint inhibitors
in GBM is that investigations thus far may have focused on
the wrong target (10). Drugs such as nivolumab,
pembrolizumab, and ipilimumab all reduce immune
suppression mediated by regulatory T-cells (Tregs) through
blockage of either the PD1/programmed cell death ligand-1
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(PD-L1) axis or cytotoxic T-lymphocyte-associated protein 4
(11). Although Tregs play a crucial role in promoting
immunosuppression of cytotoxic T-lymphocytes (CTLs) in
multiple solid tumors, recent evidence suggests this role is
predominantly performed by tumor associated macrophages
(TAMs) in GBM (10, 12). Macrophages can be polarized
toward a pro-inflammatory/antitumor phenotype (M1), or an
anti-inflammatory/immune suppressive phenotype (M2) (13).
Tumors have been shown to have the capacity for polarizing
macrophages toward the M2 phenotype, and the accumulation
of these cells, in turn, helps tumors escape immune
surveillance (14). M2 TAMs are found at higher percentages
in GBM microenvironments compared to other tumor types,
suggesting they play a critical role in immune suppression and
can influence RT resistance in this tumor entity (4, 10). Hence,
there is considerable interest in developing therapeutic
strategies designed to inhibit M2 TAMSs or revert their
polarization to enhance antitumor immunity. There are several
ongoing phase I/II studies testing novel TAM-targeting agents
(15) but none currently exist for clinical practice.

Colony-stimulating factor-1 receptor (CSF-1R), through its
receptor CSF-R1, plays an important role in macrophage
development and differentiation. Binding of CSF-1 to CSF-R1
triggers auto-phosphorylation of the receptor on several
tyrosine residues, which can activate multiple intracellular
pathways, including phosphatidyl inositol 3-kinase, which
promotes macrophage maturation and upregulates expression
of genes that lead to the M2 macrophage phenotype (16).
Hence, there has been considerable interest in investigating the
therapeutic potential of CSF-R1 inhibitors in cancer treatment.
In fact, there is an ongoing phase I/II trial evaluating the safety
and efficacy of BLZ-945, a small-molecule inhibitor of CSF-
IR, in patients with a variety of advanced solid tumor types
(17). However, the trial is not designed to examine the possible
potentiation of RT by BLZ-945 in GBM.

Recent pre-clinical evidence suggested that the use of
BLZ-945 alone for the treatment GBM may be insufficient to
produce significant improvement in survival, but its
combination with RT may enhance RT-induced antitumor
immunity and lead to long-term improvement in outcomes.
In one study, inhibition of CSF-1R with BLZ-945 using a
mouse model of glioma reduced M2 polarization within the
tumor microenvironment and reduced tumor growth rates
(18). A follow-up study, however, showed inhibition of CSF-
IR alone was insufficient for tumor control and growth
resumed after an initial period of slow proliferation (19).
Another promising report showed the addition of the CSF-1R
inhibitor PLX3397 enhanced the efficacy of RT and reduced
infiltration of myeloid suppresser cells in an orthotopic and
heterotopic mouse model using the human GBM cell line
U251 (20). However, the models were employed in athymic
nu/nu (nude) mice that lack adaptive immunity, so it is
difficult to make conclusions about the interplay between
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radiation-induced immune responses to the tumor and CSF-
IR inhibition. Here, we examined the potential of the CSF-
IR inhibitor BLZ-945 to increase the efficacy of RT in GBM
using an orthotopic, immunocompetent mouse model and
determined its influence on the immune landscape.

Materials and Methods

M2 macrophage polarization. Polarization of bone-marrow derived
monocytes toward an M2 phenotype was performed as previously
described (21). Briefly, bone-marrow cells were harvested from the
femora of C57BL/6 mice. Cells were cultured in RPMI-1640 media
(ThermoFisher Scientific, Grand Island, NY, USA) in the presence
of murine GM-CSF (20 ng/ml) for 5 days. M2 polarization was then
performed with the addition of interleukin-4 (IL4) and ILI13
cytokines (Peprotech, Inc., Rockey Hill, NJ, USA) at a
concentration of 20 ng/ml for 2 days in the presence or absence of
BLZ-945 (MedKoo Biosciences, Morrisville, NC, USA) at a
concentration of 1 pM. Subsequently, we assessed the proportion of
M2 macrophages obtained in relation to total macrophage number
using fluorescence-activated cell sorting (FACS). The pan-
macrophage markers CD45, CD11b, and F4/80 (BioLegend, Sand
Diego, CA, USA) were used to identify macrophages, and the
CD206 marker (BioLegend, Sand Diego, CA, USA) was used to
identify M2 macrophages (22). Antibodies were used at the
concentration recommended by the manufacturer.

Animal studies. Animal studies were performed under a protocol
approved by the Institutional Animal Care and Use Committee of
Beaumont Health based on the Animal Research: Reporting of In Vivo
Experiments guidelines (protocol AL-19-07). For all studies,
immunocompetent C57BL/6 (H-2b, CD45.2), 6- to 8-week-old,
female mice, weighing 21-24 g, were used. Cells which were
engineered to have the main altered signaling pathways in human
GBM tumors, including the retinoblastoma (T), receptor tyrosine
kinase/RAS (R), and the phosphatase and tensin homolog (PTEN; P)
pathways, known as TRP cells, were used. Generation of this cell line
was described previously (23-25). We initially performed a pilot study
to assess the therapeutic potential of combining BLZ-945 and RT. For
each mouse, 1x105 cells were injected into the right cerebral
hemisphere under general anesthesia and stereotactic guidance. The
injection site was 1 mm posterior and 2 mm lateral to the bregma.
Mice were randomized at four mice per group to treatment with
vehicle alone (captisol, a commercially available cyclodextrin;
Ligand, San Diego, CA, USA), BLZ-945 alone, RT plus vehicle, or
RT plus BLZ-945. BLZ-945 was delivered via oral gavage in 20%
captisol at 200 mg/kg daily for 10 treatments. RT was whole-brain
radiotherapy to 18 Gy in 3 daily fractions. Mice were sacrificed on
day 10 post RT and brains were harvested for hematoxylin and eosin
(H&E) staining to assess tumor burden. Brains were systematically
sectioned at 10 um intervals through the tumor and adjacent normal
brain tissue and H&E slides were prepared using standard staining
methodology. Tumor burden was quantified as described previously
(26). Briefly, slides were imaged, and the images were imported into
Definiens Tissue Studio software (Definiens Inc., Cambridge, MA,
USA). The software then segmented the images and an iterative
learning algorithm was employed to identify normal brain tissue and
tumor cells. Tumor volume was then expressed as a percentage of
total normal brain tissue.



Almabhariq et al: BLZ-945 Improves RT Efficacy in GBM

Based on the results of this pilot study, we performed a larger
survival study. The orthotopic GBM model was repeated exactly as
above. Brain magnetic resonance imaging (MRI) was obtained 8
days after tumor implantation to confirm uptake. Images were
uploaded to MIM software (MIM Software, Cleveland, OH, USA)
and tumors were contoured for volume measurements. Mice were
then stratified by tumor size and randomized to treatment with
vehicle, BLZ-945 alone, RT plus vehicle, or RT plus BLZ-945. On
day 14 post tumor implantation, the RT groups were treated with 18
Gy whole brain RT in 3 daily fractions. For all groups, inhibitor and
vehicle treatment were initiated on day 14 post tumor implantation
and administered daily, 5 days a week, for a total of 15 doses. Brain
MRI was again obtained 2 weeks after initiation of treatment. Mice
were assessed and weighed twice weekly and sacrificed if they lost
20% of their baseline weight, became symptomatic, or reached the
pre-specified time point of 14 weeks. Each treatment arm had 11
mice. At the time of sacrifice, mouse brains were harvested, and
tumors were extracted for FACS analysis to assess the ratios of
CD45+F4/80+CD206* M2 macrophages, CD3+CD8* CTLs, and
CD4+CD25* Tregs in the tumor microenvironment.

Statistical analysis. Student’s f-test was used to compare tumor size
between the treatment groups on MRI and H&E staining. Values
p<0.05 were considered statistically significant. Analysis of OS was
performed using the Kaplan—-Meier method, with the log-rank
method (Mantel-Cox) to assess for significance. In order to account
for multiple comparisons testing, the Bonferroni correction was
utilized. All statistical analyses were completed using R (v3.6.1) and
RStudio (v1.2.5019).

Results

BLZ-945 reduces M2 macrophage polarization. To assess the
role of BLZ-945 in M2 macrophage polarization, we cultured
bone-marrow derived monocytes in the presence of CSF for 5
days, followed by conditioning with IL4 and IL13 for 2days
with and without the CSF-1R inhibitor BLZ-945. Tumors,
including gliomas, secrete these cytokines, which promote M2
polarization of TAM in a paracrine fashion in the tumor
microenvironment (27). Inhibition of CSF-1R did not change
the total number of macrophages (CD457F4/80%) but
significantly reduced M2  macrophage polarization
(CD45*F4/80TCD206™). Specifically, macrophages comprised
80.7%=+3.4% and 78.5%+2.2% of all immune cells with and
without BLZ-945, respectively (Figure 1; p=0.62). Polarizing
monocytes toward an M2 phenotype resulted in 35.1%=+2.3%
enrichment of M2 macrophages, which was reduced by
33.3%=1.2% with the addition of BLZ-945 (Figure 1; p=0.009).

BLZ-945 potentiates RT and improves survival of mice with
GBM. To examine the potential of BLZ-945 to enhance the
efficacy of RT in the treatment of GBM, we employed an
orthotopic murine GBM model. We used TRP GBM cells,
which have been shown to recapitulate both the molecular
and histopathological features of human GBM (28). Initially,
we conducted a pilot study in which tumor cells were

injected intracranially and 2 weeks later, treatment was
initiated with vehicle, BLZ-945, RT, or RT plus BLZ-945
(n=4 for all groups) (Figure 2A). Mice were sacrificed, and
brains were harvested 10 days after initiation of treatment.
As shown in Figure 2B, H&E staining of the harvested
brains showed no difference in tumor burden between the
control and BLZ-945-treated groups. RT reduced the tumor
burden compared to the control and group treated with BLZ-
945 but the reduction was not statistically significant.
Combination of RT and BLZ-945 resulted in a statistically
significant reduction in tumor burden compared to both the
control and BLZ-945-treated groups.

Based on the promising results of the pilot study, we
proceeded with a larger survival experiment with the same
four treatment arms (n=11 for all groups). To ensure the
differences observed in OS were not due to different pre-
treatment tumor sizes, we obtained brain MRI prior to
initiation of treatment and stratified mice by tumor size
before randomization. There was no difference in tumor size
between any of the four groups before treatment (Figure 3A
and B). We repeated MRI 2 weeks after treatment initiation.
Treatment with BLZ-945 alone did not significantly reduce
tumor growth compared to the control arm, but RT alone did.
However, RT was significantly more efficacious when BLZ-
945 was administered concurrently as demonstrated by
smaller tumor volumes (Figure 3A and D).

We evaluated survival by Kaplan—-Meier survival estimates
(Figure 4). Treatment with RT combined with BLZ-945
resulted in significantly improved OS compared to all other
groups. Median OS was 27 days, 29 days, and 45 days in the
control, BLZ-945, and RT groups. Median OS was not
reached in the group treated with RT and BLZ-945 (p=0.005
vs. RT alone). Cox regression survival analysis showed the
lowest risk of death for the combination treatment group
(Table I), with 70% (eight mice) achieving long-term
survival and reaching the pre-determined study endpoint.
Treatment with BLZ-945 alone did not significantly improve
survival. RT alone improved survival compared to control
and BLZ-945 alone, but with a lower efficacy compared to
their combination. To account for multiple comparisons
testing, we applied the Bonferroni correction and the benefit
of combination treatment with RT and BLZ-945 compared
to RT alone remained significant.

BLZ-945 reduces M2 macrophage infiltration in GBM. We
performed correlative studies on the tumors from brains
harvested at the time of death from each mouse in all four
treatment arms and examined the presence of total
macrophages, M2-polarized macrophages, CD8 cytotoxic T-
cells, and Tregs using FACS. The mice in the combination
treatment group that achieved long-term survival did not have
a clearly defined tumor, therefore the tumor bed was harvested
instead. There were no differences in the total number of
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Figure 1. Inhibition of colony-stimulating factor-1 receptor reduces M2 macrophage polarization. Bone marrow derived monocytes were cultured
with granulocyte-macrophage colony-stimulating factor, followed by M2 induction with interleukin-4 and -13 with or without BLZ-945.
Representative fluorescence-activated sorting plots are shown. Cells were initially gated by the pan-macrophage markers CD45 and F/480 to identify
total macrophages. The subset of macrophages that stained for CDI11b and CD206 were then selected to identify M2 macrophages. Experiments

were performed in triplicates.

macrophages between any of the treatment groups (Figure SA).
However, M2 macrophage infiltration was significantly
increased by RT (Figure 5B). Treatment with BLZ-945
significantly reduced M2 macrophage infiltration compared to
the control arm and mitigated the RT-induced increase in these
cells (Figure 5B). The number of CD8 CTLs increased with
RT, although the increase did not reach statistical significance
(»=0.09) and BLZ-945 had minimal impact on CDS infiltration
(Figure 5C). The M2 to CD8 cell ratio was maintained at near
equivalent levels in in all treatment groups, except the
combination treatment group, in which it was significantly
lower (Figure 5D). We observed a trend of increased Tregs in
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response to RT but, overall, the number of Tregs represented a
relatively small population of immune cells when compared to
M2 macrophages (Figure SE). Additionally, BLZ-945 had no
significant impact on Treg infiltration.

Discussion

Using an orthotopic murine model, our study shows that
inhibition of CSF-1R with BLZ-945 enhanced the efficacy
of RT in the treatment GBM and resulted in significantly
improved survival compared to RT alone. Notably, >70% of
mice achieved long-term survival. Mechanistically, the
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Figure 2. Inhibition of colony-stimulating factor-1 receptor potentiates the impact of radiotherapy (RT) on tumor volume. TRP murine glioblastoma
cells were stereotactically injected into the right hemisphere of 6- to 8-week-old mice. On day 14, treatment with vehicle, BLZ-945 (200 mg/kg), RT
(6 Gy x 3 fractions), or BLZ-945 + RT was initiated, followed by daily treatment with vehicle or BLZ-945 for 2 weeks. A: Representative hematoxylin
and eosin (H&E) images from each treatment group. Pink-stained tissue shows normal brain. Blue-stained tissue shows tumor cells. B: Tumor
burden expressed as a percentage of normal brain volume based on H&E staining. Brains were harvested on day 10 post-treatment initiation and
sectioned every 10 uM through the tumor and adjacent brain tissue. Slides were imaged and segmented. An iterative learning algorithm was
employed to identify normal brain tissue and tumor cells. p-Values for significant differences are shown.

enhanced efficacy appears to be related to mitigation of the
increase in M2 polarized TAM infiltration, which occurs in
response to RT. To the best of our knowledge, this is the first
study to examine the combination of CSF-1R inhibition and
RT in an immunocompetent GBM mouse model. Our
findings suggest antitumor RT-mediated immunity may be
potentially augmented by BLZ-945, whose safety and
efficacy are currently being investigated in the treatment of
multiple advanced solid tumors in a phase I/II trial (17).
Our findings are supported by other pre-clinical studies that
observed a similar relationship between RT and M2 induction

in several tumor models as reviewed in (14). Using a GBM
model in athymic mice, one study found a significant and
sustained increase in the influx of M2 TAMsS into the tumor
microenvironment starting 7 days following RT, and inhibition
of CSF-1R by the small molecule PLX3397 suppressed this
increase and resulted in improved survival (20). The
improvement in survival was attributed to a decrease in
microvessel density in tumors as a result of reducing the
number of M2 TAMs, which are pro-angiogenic (29). However,
it was not possible to make any conclusions about involvement
of the adaptive immune system because of the utilization of
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Figure 3. Inhibition of colony-stimulating factor-1 receptor potentiates radiotherapy (RT) and improves survival. TRP murine glioblastoma cells
were stereotactically injected into the right hemisphere of 6- to 8-week-old mice. On day 14, treatment with vehicle, BLZ-945 (200 mg/kg), RT (6
Gy x 3 fractions), or BLZ-945 with RT was initiated, followed by daily treatment with vehicle or BLZ-945 for 3 weeks. Mice were sacrificed if they
became symptomatic, lost =20% weight, or reached 14 weeks. B: Sample magnetic resonance imaging of tumors prior to, and 2 weeks post-treatment
(Tx). Tumors were contoured on the T1 sequence and volumes were estimated by the number of voxels. C: Boxplot of tumor volumes in each treatment
group before treatment initiation. D: Boxplot of tumor volumes in each treatment group 2 weeks after initiation of treatment. p-Values for significant

differences are shown.

athymic nude mice, which lack T-cells. Interestingly, in our
model, eight out of eleven mice achieved long-term survival.
On the other hand, despite significantly longer survival with
CSF-1R inhibition compared to RT alone, none of the mice
achieved long-term survival in the nude mouse model study,
which used a similar experimental timeframe (20). Although not
specifically tested in our studies, this discrepancy may be
explained by the presence of an adaptive immune response in
our model and suggests that inhibition of M2 macrophages by
BLZ-945 led to long-lasting antitumor immunity.

We did not observe a significant change in survival with
BLZ-945 alone, a result consistent with the above discussed
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study (20). This finding is further corroborated by a recently
published phase II trial that treated 37 patients with the CSF-
IR inhibitor PLX3397 and reported no objective responses
to the drug, and progression-free survival of only 8.6% at 6
months (30). In contrast, a study that utilized a transgenic
mouse line reported long-term survival in ten of eleven mice
treated with BLZ-945 alone (18). The study utilized a
platelet-derived growth factor-B (PDGF-B) driven glioma
model in which gliomagenesis is triggered by intracranial
injection of a retroviral vector. The difference in outcomes
is likely explained by our utilization of a very aggressive
model, in which genetically engineered cells that recapitulate
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Figure 4. Kaplan—Meier estimates of survival for each treatment arm. Dashed lines denote median overall survival.

Table 1. Cox regression survival analysis.

Treatment arm Median OS (days) HR 95% CI p-Value
Control 27 Ref. - -
BLZ-945 29 0.74 0.32-1.71 047
Radiotherapy 45 0.28 0.09-0.81 0.02
Radiotherapy plus BLZ-945 Not reached 0.05 0.01-0.21 <0.001

HR: Hazard ratio; OS: overall survival; CI: confidence interval.

human GBM characteristics were injected intracranially,
compared to PDGF-B-driven tumorigenesis.

Our results did not reveal a large percentage of CD8* CTLs
within the tumor microenvironment, consistent with findings
from human studies (31). However, CD8% cell infiltration
increased in response to RT, reaching ~6% of all immune cells.
These results support the growing notion that the brain is not
an immune-privileged organ and adaptive immunity plays an
important role in GBM. Clinical studies show increased T-cell
infiltration within the tumor microenvironment and brain
parenchyma (32). Furthermore, higher infiltration of effector T-
cells, like CD8* CTLs, even if in small percentages, correlates
with improved patient survival (33). Unfortunately, GBM cells
can usurp multiple physiological mechanisms of inducing
immune tolerance to counteract the impact of increased CTL

infiltration and escape immune surveillance. Chief amongst
these mechanisms is M2 macrophage recruitment, which can
suppress the cytotoxic activity of T-cells through production of
anti-inflammatory cytokines and reduce antigen presentation by
tumor cells though scavenging of immunogenic surface markers
(34). Additionally, TAMs can induce a state of anergy, in which
T-cells, even if abundant, are unable to attack tumor cells and
may in fact become pro-tumorigenic (35). The fact that CSF-
IR inhibition reduces M2 TAM infiltration and the M2 to CD8
cell ratio likely reduces CDS8 anergy and improves their
cytotoxic activity against tumor cells.

We found a very small percentage of Tregs within the tumor
microenvironment. These cells comprised <2% of all collected
immune cells. In multiple solid tumors, Tregs play a crucial
part in promoting immunosuppression of CTLs and their
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recruitment into the tumor microenvironment is substantially
increased in response to RT, resulting in inhibition or RT-
induced antitumor immunity (36, 37). Additionally, Tregs also

126

B
0.03 5T
°0 00— <0001 |
0.04 ;
—~ 40 ===
X
£ —
=
20
0
Control BLZ-945 RT RT+BLZ-945
Arm
D
10.0 0.009
7.5

‘ 0.006

5.0 E Etj
25 ;

0.0

M2:CD8

BLZ-945 RT
Arm

Control RT+BLZ-945

Figure 5. Immunophenotyping of the tumor microenvironment. From the
survival experiment, brains were harvested at the time of sacrifice,
tumors were extracted, and fluorescence-activated sorting was used to
analyze the presence of various immune cells in each treatment arm. A:
Macrophages, identified as CD45-, CDF4/80-, and CD11b-positive cells.
B: M2 macrophages, identified by the markers in (A) in addition to
CD206. C: CD8* T-cells, identified as CD3- and CD8-positive cells. D:
M2 to CDS cell ratio. E: Regulatory T-cells (Tregs), identified as CD4-
and CD25-positive cells. p-Values for significant differences are shown.

appear to be radioresistant relative to other immune cells (37).
Our findings, however, suggest that Tregs play a minor role
in immune suppression by GBM and it is not surprising that
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immune checkpoint inhibitors targeting the Treg-mediated
immune suppression mechanisms like PD1 and PD-L1 have
shown little efficacy against GBM in recent clinical trials (7,
8). A study that analyzed primary and secondary GBM tumors
from 65 patients identified Tregs in only ~40% of patients and
these cells represented <1% of all T-cells (33).

We did not find a significant reduction in the overall number
of macrophages within the tumor microenvironment and brain
parenchyma with inhibition of CSF-1R. Rather, the reduction
in M2 macrophages was likely the result of inhibiting M2
polarization as illustrated by the results of the in vitro assays, in
which induction of M2 polarization by the cytokines IL14 and
IL13 was significantly diminished in the presence of BLZ-945.
These findings are corroborated by the aforementioned study,
which used a PDGF-B derived gliomagenesis model (18). The
authors found inhibition of CSF-IR reduced macrophage
proliferation in vitro but had no impact on the number of TAMs
in vivo. However, the study found a significant reduction in M2
TAMs with CSF-1 inhibition. The discrepancy between the in
vivo and in vitro results was explained by additional
experiments, which found tumor cells produced cytokines that
protected macrophages against apoptosis in the absence of CSF-
IR signaling (18). Microarray expression profiling revealed
down-regulation of M2 macrophage-specific genes with CSF-
IR inhibition. The authors did not study the interaction between
RT and M2 TAMs.

Mono-immunotherapy has thus far shown little efficacy in
the treatment of GBM, but the pre-clinical and clinical
evidence summarized here suggests that the combination of
RT and immunotherapy, especially anti-M2 macrophage
therapy, has significant therapeutic potential. Similarly, while
indoleamine 2,3-dioxygenase inhibitors are able to modulate
immune surveillance of tumor cells, studies have found them
insufficient to lead to significant therapeutic benefit as a
monotherapy, but they do have a synergistic therapeutic
effect when combined with RT (5, 38).

In conclusion, our results show inhibition of CSF-1R with
BLZ-945 enhanced the efficacy of RT in the treatment of
GBM in a pre-clinical model. Correlative studies suggest
BLZ-945 improves response to RT by reducing M2
polarization within the tumor microenvironment and likely
creating a more pro-inflammatory milieu. Combination of
RT and BLZ-945 represents a promising therapeutic strategy
to be investigated clinically in GBM.
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