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A B S T R A C T

Glioblastoma (GBM) is a hypervascular and malignant form of brain tumors. Anti-angiogenic therapies
(AAT) were used as an adjuvant against VEGF–VEGFR pathway to normalize blood vessels in clinical and
preclinical studies, which resulted into marked hypoxia and recruited bone marrow derived cells (BMDCs)
to the tumor microenvironment (TME). In vivo animal models to track BMDCs and investigate molecu-
lar mechanisms in AAT resistance are rare. We exploited recently established chimeric mouse to develop
orthotopic U251 tumor, which uses as low as 5 × 106 GFP+ BM cells in athymic nude mice and engrafted
>70% GFP+ cells within 14 days. Our unpublished data and published studies have indicated the involve-
ment of immunosuppressive myeloid cells in therapeutic resistance in glioma. Similarly, in the present
study, vatalanib significantly increased CD68+ myeloid cells, and CD133+, CD34+ and Tie2+ endothelial
cell signatures. Therefore, we tested inhibition of CSF1R+ myeloid cells using GW2580 that reduced tumor
growth by decreasing myeloid (Gr1+ CD11b+ and F4/80+) and angiogenic (CD202b+ and VEGFR2+) cell
signatures in TME. CSF1R blockade significantly decreased inflammatory, proangiogenic and immuno-
suppressive molecular signatures compared to vehicle, vatalanib or combination. TCK1 or CXCL7, a potent
chemoattractant and activator of neutrophils, was observed as most significantly decreased cytokine in
CSF1R blockade. ERK MAPK pathway was involved in cytokine network regulation. In conclusion, present
study confirmed the contribution of myeloid cells in GBM development and therapeutic resistance using
chimeric mouse model. We identified novel molecular networks including CXCL7 chemokine as a prom-
ising target for future studies. Nonetheless, survival studies are required to assess the beneficial effect
of CSF1R blockade.

© 2015 Published by Elsevier Ireland Ltd.

Introduction

Glioblastoma (GBM), a grade IV glioma classified by World Health
Organization (WHO), is considered highly malignant, vascular and
invasive subtype [1]. GBM is most lethal during first year after initial
diagnosis despite surgical resection, radiotherapy and/or chemo-
therapy [1,2]. Median survival of patients diagnosed with GBM is
only 12–15 months [1,2]. Hypoxia and neovascularization are his-
topathologic features of GBM [3]. Anti-angiogenic therapies (AAT)
were used as adjuvants mainly against VEGF–VEGFR pathway to nor-
malize tumor vasculatures. However, all of them provided minimal
to none effect with no change in overall survival [4,5]. Therefore,
current challenge is to investigate mechanisms of undesirable out-
comes in GBM clinical trials. Preclinical studies involving AATs have
shown marked hypoxia, increased homing of bone marrow derived

cells (BMDCs) to the tumor and activation of alternative pathways
of neovascularization [6,7].

BMDCs play a pivotal role in tumor development [8] and endo-
thelial progenitor cells (EPCs) from BM pool are recruited to tumor
microenvironment (TME) [9–12]. BMDCs associated therapeutic re-
sistance falls under evasive or adaptive resistance, where tumor itself
after an initial response phase acquires evasive properties against
therapeutic blockade by inducing alternate mechanisms that enable
neovascularization, leading to renewed tumor growth and progres-
sion [13]. Distinct potential mechanism of resistance might be at
cellular level [14] mediated through up-regulation of HIF1-α fol-
lowed by induction of SDF1α, secretion of pro-angiogenic factors
and recruitment of CXCR4+ BMDCs to the tumor [9–11,15]. These
recruited cells were characterized as pro-angiogenic CD45+VEGFR2+
EPCs, or CD45+Tie2+ monocytes [16,17]. Interestingly, lin-ckit+Sca-
1+ and their derived cells demonstrated recruitment to tumor but
do not functionally contribute to tumor neovascularization [18].
BMDCs derived MMP9 modulates neovessel remodeling, thereby
playing role in tumor growth [15,19].
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Studies have indicated that resistance to AAT has profound in-
volvement of immune system [20–26]. Role of myeloid cells in tumor
angiogenesis is an established phenomenon as shown by other
authors [27–31] and supported by our previous study (unpub-
lished), which showed that majority of bone marrow derived GFP+
cells acquire both myeloid signature (CD68) and endothelial sig-
natures (CD202b and CD34) in the TME under vatalanib (VEGFR
tyrosine kinase inhibitor) treatment. Tissue-resident macrophages
originate from yolk-sac-derived erythro-myeloid progenitors [32],
whereas, SDF-1 played an important role in the invasiveness of brain
tumor and infiltration of macrophages from bone marrow [33]. AATs
in glioma were associated with increased myeloid cell infiltration
and stem cell accumulation [34]. However, investigations whether
those phenotypes have bone marrow component, were lacking. In
other study, authors noticed infiltration in myeloid populations in
the tumor bulk and in the infiltrative regions after AAT [23]. To-
gether, studies suggest that immune suppressive myeloid cells,
especially myeloid derived suppressor cells (MDSCs) and tumor as-
sociated macrophages (TAM) [35–37], may participate in escape from
AATs and represent a potential biomarker of resistance with po-
tential therapeutic target in GBM [23,38].

Several chemokines such as macrophage colony-stimulating
factor-1 (MCSF/CSF1) and monocyte chemotactic protein-1 (MCP1/
CCL2) are known to contribute in the recruitment of TAMs to the
tumor [39,40]. CSF1R expression has been reported on immuno-
suppressive myeloid cells and dendritic cells [41–43]. CSF1-CSF1R
signaling regulates survival, differentiation, and proliferation of
monocytes and macrophages [44,45], and have critical role in an-
giogenesis and tumor progression [46,47]. Therefore, the goals of
the present study are to (1) investigate the effect of CSF1R block-
ade on orthotopic glioma development in a recently established
preclinical chimeric mouse model, (2) to evaluate whether CSF1R
blockade alone or in combination with VEGFR2 blockade could
inhibit the homing of myeloid BMDCs to the glioma, (3) to identi-
fy signature immune cell populations following CSF1R inhibition
that could have profound role in glioma growth and (4) to inves-
tigate key secreted molecular signatures in GBM TME following
CSF1R inhibition.

Materials and methods

All animal related experimental procedures were approved by the Institu-
tional Animal Care and Use Committee and Institutional Review Board of Georgia
Regents University (animal protocol #2014-0625). All efforts were made to ame-
liorate suffering of animals. CO2 with secondary method was used to euthanize
animals for tissue collection at the end of the study.

Establishing chimeric mouse

Chimeric mouse for orthotopic U251 glioma was established with IACUC ap-
proved protocol and published method [48]. Transgenic mice with universally
expressing GFP under the human ubiquitin C promoter (C57BL/6-tg(UBC-GFP)30Scha)
were used as donors (Jackson Laboratory, Maine, USA). Athymic nude mice
(NCr-nu/nu) were used as recipients (Charles River, Frederick, MD, USA), and were
whole body irradiated with sub-lethal dose of 6Gy (using Cs-137 source). After 24
hours, recipient mice were injected intravenous (n = 3) and intraperitoneal (n = 3)
routes with BM cells (5 × 106 cells) collected from donor transgenic mice. All mono-
nuclear cells were separated from red blood cells using lymphocyte cell separation
media (Corning, Cellgro, USA), counted and 5 × 106 cells/100 μl were injected into
each mouse. Ten microliter of blood (from orbital sinus) were collected from each
mouse on days 7 to 56 (n = 3 each time point) following transplantation of BM to
determine BM engraftment efficiency (GFP positivity) in peripheral blood using flow
cytometer. Cells from athymic mice without irradiation and GFP+ cell transplanta-
tion were used as control for flow cytometry.

Animal model of human glioma

Precisely, animals were anesthetized with 100 mg/kg ketamine and 15 mg/kg
xylazine i.p. The surgical zone was swabbed with betadine solution, the eyes coated
with Lacri-lube and the animals were immobilized in a small animal stereotactic
device (Kopf, Cayunga, CA). After draping, a 1-cm incision was made 2 mm to the
right of the midline 1 mm retro-orbitally; the skull exposed with cotton-tip applicators

and a 23G needle tip was used to drill a hole 2 mm to the right of the bregma, taking
care not to penetrate the dura. A 10 μl Hamilton syringe with a 26G-needle con-
taining tumor cells (2.4 × 105) in 3 μl was lowered to a depth of 2.5 mm, and then
raised to a depth of 2 mm. During and after the injection, careful note was made of
any reflux from the injection site. After completing the injection, we waited 2–3
minutes before withdrawing in a stepwise manner. The surgical hole was sealed with
bone wax. Finally, the skull was swabbed with betadine before suturing the skin over
the injection site.

In vivo multispectral optical imaging

Multispectral optical images were acquired using excitation profiles of
460–480 nm range and emission of 535 nm to monitor the GFP positivity on days
7, 14 and 21 after tumor cell implantation. RFP positivity was determined at exci-
tation 587 nm and emission 610 nm. All optical imaging data were acquired by Spectral
AMI (Spectral Instruments Imaging, LLC) machines and analyzed by AMI view software.

Drug treatments

Orthotopically implanted chimeric mice with U251 tumor cells were allowed
to grow for 7 days and then started oral treatments of either vehicle or receptor ty-
rosine kinase inhibitors (vatalanib (50 mg/kg/day) [49], GW2580 (160 mg/kg/day)
[43] and combination of both GW2580+ vatalanib, daily for two weeks. Seven days
waiting period was followed after tumor implantation to mimic clinical scenario,
where treatment is being done following detection of tumor.

In vivo magnetic resonance imaging (MRI)

All MRI experiments were conducted using a 7 Tesla 12 cm (clear bore) magnet
interfaced to a varian console with actively shielded gradients of 49 gauss/cm and
100 μs rise times or a horizontal 7 Tesla BioSpec MRI spectrometer (Brucker Instru-
ments, Billerica, MA) equipped with a 12 cm self-shielded gradient set
(45 gauss/cm max). Detailed MRI procedure was adopted from our several previ-
ous publications [50–54]. An appropriate state of anesthesia was obtained with
isoflurane (2.5% for induction, 0.7% to 1.5% for maintenance in a 2:1 mixture of N2:O2).
After positioning using a triplanar FLASH sequence, MR studies were performed using
pre-contrast T1, T2-weighted and post contrast T1-weighted MRI scans with fol-
lowing parameters (1) Standard T1-weighted multislice sequence (TR/TE = 500/10
ms, 256 × 256 matrix, 13–15 slices, 1 mm thick slice, 32 mm field of view (FOV), #
of averages = 4). (2) T2-mapping sequence (2D multi-slice, multi-echo (MSME) se-
quence, TE = 10, 20, 30, 40, 50, 60 ms, TR = 3000 ms, 256 × 256 matrix, 13–15 slices,
1 mm thick slice, 32 mm field of view (FOV), # of averages = 2). Post contrast T1WI
was used to determine volume of tumors in vehicle and drug treated mice by drawing
irregular ROI to encircle whole tumor in each image section containing tumor using
ImageJ software, and area was then multiplied by thickness of image slice to de-
termine volume (cm3). Two investigators blinded to the animal groups determined
tumor volume.

Collection of GFP+ cells and determination of immune cell populations

Freshly isolated brain samples were separated into left and right (tumor bearing)
hemispheres from each group and were homogenized to pass through 40 μm cell
strainer to make single cell. Similarly, cells were collected from spleen and BM. Cells
were labeled with antibodies (BioLegend) such as CD45, CD4, CD8, Gr1, CD11b, F4/80,
CD68, CD133, CD31, CD34, CD202b (Tie2), and CD309 (VEGFR2) (other than FITC)
to identify BM recruited cell types (GFP+) in the tumor as well as phenotypes of GFP+
cells in spleen and bone marrow. Flow cytometry data were acquired using Accuri
C6 machine (BD Biosciences) and analyzed by BD Accuri C6 software.

Immunofluorescence study

After MRI at day 22, animals were euthanized and brains were collected for frozen
tissue sections and later stained for immunofluorescence study to determine ex-
pression of myeloid cell signature markers CD11b (Abcam), F4/80 (Santa Cruz
Biotechnology), p-ERK (Cell Signaling), Ki67 (DAKO), CXCL7 (Millipore) and CD31
(Abcam) at the site of tumor. Migration and incorporation pattern of GFP+ BMDCs
was determined in different regions of the tumor.

Western blot analysis

Tumors were collected and processed for protein isolation using T-PER, tissue
protein extraction reagent for tissue and Pierce RIPA buffer for tumor cells (Thermo
Scientific, USA). Protein concentrations were estimated with Pierce, BCA protein assay
kit (Thermo Scientific, USA) and separated by standard Tris/Glysine/SDS gel elec-
trophoresis. Membranes were incubated with primary antibodies against IDO (1:1000,
Santa Cruz Biotechnology), p-ERK and ERK (1:1000, Cell Signaling), and α-Tubulin
(1:5000, Abcam) followed by horseradish peroxidase-conjugated secondary anti-
body (1:5000, Biorad). The blots were developed using a Pierce SuperSignal West
Pico Chemiluminescent substrate kit (Thermo Scientific, USA). Western blot images
were acquired by Las-3000 imaging machine (Fuji Film, Japan).
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Protein array

Differentially treated tumors were collected and isolated proteins were pro-
cessed for mouse cytokine array (AAM-CYT-1000-8, Ray Biotech). Membranes were
imaged using Las-3000 imaging machine (Fuji Film, Japan). All signals (expression
intensity) emitted from the membrane were normalized to the positive control spots
of corresponding membrane using Image J software. Later, expression intensities were
imported as an excel file in Partek Genomic Suit 6.6 for heat map and box-plot anal-
ysis, and web based Ingenuity Pathway Analysis (IPA) interface for network analysis.

Statistical analysis

Quantitative data were expressed as mean ± SD and analyzed through Student
t-test using GraphPad Prism. Differences were considered statistically significant at
P value <0.05.

Results

Establishing chimeric mouse model

As reported before athymic nude mice (n = 3, each group) were
transplanted with 5 × 106 BM cells from GFP+ mouse after whole
body irradiation of sub-lethal dose (6Gy). Engraftment efficiency
(GFP+) was determined at each week (days 7–56). Surprisingly, i.v.
injection (n = 3) of 5 × 106 mononuclear cells achieved >70% en-
graftment by day 14 and >80% engraftment by day 56 (unpublished
data). However, i.p. injection (n = 3) could achieve highest engraft-
ment efficiency of 22.3% on day 56 (unpublished data). We used
athymic nude mice in Balb/c background to establish chimera. Sur-
prisingly, we did not observe any GVHD associated symptoms or
mortality. Flow cytometry analysis using day 22 peripheral blood
showed that 10–13% CD4 and 1–2% CD8 cells were transfused while
establishing GFP+ chimeric mice (Supplementary Fig. S1). Further,
we decided to use i.v. injection of 5 × 106 BM cells for 14 days to
establish chimera for tumor studies.

Effect of GW2580 on tumor growth and GFP+ cell infiltration to the
tumor

Chimeric animals were implanted with orthotopic glioma (U251)
and treated with vehicle (n = 17), vatalanib (n = 10), GW2580 (n = 5)
and GW2580+ vatalanib (n = 5) from days 8 to 21. All animals un-
derwent MRI on day 22 following implantation of tumors. We
observed significant reduction in tumor growth in GW2580 and
GW2580+ vatalanib groups (Fig. 1A, upper left and right panels). In
vivo optical images obtained on day 21 also showed increasing trend
of cherry red+ tumor in vatalanib group and decreasing trend of
cherry red+ tumor after treatments of GW2580 and GW2580+
vatalanib groups compared to vehicle (Fig. 1A, lower panel). Vatalanib
treatment resulted in increasing trend of GFP+ cells accumulation
in tumor. Decreasing trend of accumulation of GFP+ cells were ob-
served in GW2580 and GW2580+ vatalanib groups compared to
vehicle (Fig. 1B). Optical imaging data were validated by flow
cytometry analysis, which proved increased infiltration of GFP+ cells
in vatalanib group and decreased infiltration of GFP+ cells in tumors
that were treated with GW2580 and GW2580+ vatalanib (Fig. 1C,
upper and lower panels).

Effect of GW2580 on myeloid and endothelial cell signatures in tumor

Chimeric animals were implanted with orthotopic glioma (U251)
and treated with vehicle, vatalanib, GW2580 and GW2580+vatalanib
from days 8 to 21. Brain, spleen and BM (n = 3 each) were collect-
ed after MRI for flow cytometry analysis (Fig. 2A, upper and lower
panels, spleen and BM data not shown). Infiltration of GFP+ cells
was mostly seen at the periphery of the vatalanib treated tumor
(Supplementary Fig. S2). Vatalanib treatment significantly in-
creased CD68+ myeloid cells, and CD133+, CD34+ and CD202b+ or

Tie2+ endothelial cell signatures. Significant decrease in myeloid
(Gr1+ CD11b+ and F4/80+) and endothelial (CD202b+ and CD309+
or VEGFR2+) cell signatures were observed in GW2580 group com-
pared to vehicle. However, CD133+ population was significantly
increased in GW2580+ vatalanib group (upper and lower panels).
Further, we observed that vatalanib induced endothelial marker ex-
pression was associated with the increased vasculature compared
to vehicle group. This was characterized by increased CD31 expres-
sion on GFP+ cells. GW2580 treated tumors showed significantly
decreased CD31 expression compared to vehicle and vatalanib
treated groups (Supplementary Fig. S3). In immunofluorescence
study, vatalanib treatment showed increased myeloid cell signa-
tures (CD11b and F4/80) compared to vehicle (Fig. 2B). Decreased
expression of myeloid cell signatures were observed following
GW2580 and GW2580+ vatalanib treatments, compared to vehicle
and vatalanib groups (Fig. 2B). Increasing trend of expression of im-
munosuppressive molecule, IDO, was seen with vatalanib, which
was significantly decreased in GW2580 and GW2580+ vatalanib
treated tumors (Fig. 2C).

Treatment induced molecular networks in GBM TME

U251 tumors were collected following vehicle, vatalanib, GW2580
and GW2580+ vatalanib treatment groups (n = 3 each). Tumor iso-
lated proteins were processed for 96-plex protein array (Ray Biotech)
followed by analysis of blots for expression intensities. Expression
intensities were used to generate heatmap, which showed el-
evated expression of cytokines in following order of treatments;
vatalanib > GW2580+ vatalanib > GW2580. Cytokines were mostly
downregulated in GW2580 group and upregulated in vatalanib
groups. Surprisingly, combination of vatalanib with GW2580 in-
creased cytokine expression, which were decreased in GW2580 group
(Fig. 3A and Supplementary Fig. S4). As represented by box-plot data,
overall expression intensities were changed among groups. GW2580
group showed significantly decreased expression intensities of
cytokines (Fig. 3B). By grouping cytokines based on their function,
we found that GW2580 significantly decreased cytokines involved
in inflammation (TCA3 or CCL11, TNFRI, CXCL9, GITR IL15, IL17,
IL17RB, lungkine or CXCL15, MDC or CCL22, OPG, Resistin, Shh-N,
TCK1 or CXCL7, TROY and TSLP), angiogenesis (bFGF, ICAM1, ITAC
or CXCL11, VEGFR1,2,3 and VEGFD), proliferation and invasion (IL2,
IL3, IL3RB, TIMP1,TIMP2, HGFR, IGFBP2, IGF1, IGF2, MMP2, MMP3
and Pro-MMP2). Notably, TCK1/CXCL7/macrophage derived growth
factor/neutrophil activating peptide2 was observed as most sig-
nificantly decreased cytokine in CSF1R inhibitor treatment compared
to vehicle and other groups. In addition to TCK1, other decreased
factors in GW2580 group, were elevated in vatalanib group (Fig. 3A
and Supplementary Fig. S4). Since, we used mouse protein array;
therefore, it is expected that tumor infiltrated BMDCs were sole
source of all cytokines. Network analysis showed that ERK map
kinase or P44/42 is a central and critical molecule for most of
cytokines evaluated in protein array (Fig. 3C). Further, we tested if
drug treated tumor tissues have dysregulated ERK map kinase
pathway. Surprisingly, phosphorylated or active form (p-ERK) of ERK
was increased after vatalanib treatment and decreased in GW2580
and GW2580+ vatalanib groups compared to vehicle (Fig. 3D).

Association of p-ERK expression with CXCL7 expression and
proliferation

Immunofluorescence staining was performed to analyze the
p-ERK expression on tumor tissues in all treated groups. We noticed
expression of p-ERK in both tumor cells and tumor recruited GFP+
cells (more in tumor cells) in vehicle and vatalanib groups. Phospho-
ERK expression in GFP+ cells is shown by white arrow heads. Please
note significant decrease of GFP+ cells in both anti-CSF1R and
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Fig. 1. Effect of vatalanib and CSF1R inhibitor on tumor growth and GFP+ cell infiltration to the tumor. (A) MRI images showing significant reduction in tumor growth in
GW2580 and GW2580+ vatalanib groups (upper left and right panels) compared to vehicle. Vatalanib did not decrease tumor growth. In vivo optical images showing in-
creasing trend of cherry red+ tumor in vatalanib group and decreasing trend of cherry red+ tumor after treatments of GW2580 and GW2580+ vatalanib groups compared
to vehicle (Lower panels). (B) In vivo optical images showing increasing trend of GFP+ cells accumulation in tumor following vatalanib treatment and decreasing trend of
accumulation of GFP+ cells in GW2580 and GW2580+ vatalanib groups compared to vehicle (C) Flow cytometry analysis showing increased infiltration of GFP+ cells in vatalanib
group and decreased infiltration of GFP+ cells in tumors that were treated with GW2580 and GW2580+ vatalanib (upper and lower panels). Shown is one of the two ex-
periments performed. Quantitative data are expressed in mean ± SD. *P < 0.05 and **P < 0.01.
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Fig. 2. Effect of vatalanib and CSF1R inhibitor on myeloid and endothelial cell signatures in GBM tumor. (A) Flow cytometry analysis showing significantly increased CD68+
myeloid cells, and CD133+, CD34+ and CD202b+ or Tie2+ endothelial cell signatures following vatalanib treatment. Significant decrease in myeloid (Gr1+ CD11b+ and F4/
80+) and endothelial (CD202b+ or Tie2+ and CD309+ or VEGFR2+) cell signatures was seen following GW2580 treatment compared to vehicle. CD133+ population was significantly
increased in GW2580+ vatalanib treated group (upper and lower panels). (B) Immunofluorescence study showing increased myeloid cell signatures (CD11b and F4/80) in
vatalanib and decreased myeloid (CD11b and F4/80) markers following GW2580 and GW2580+ vatalanib treatments compared to vehicle (yellow arrows). (C) Western blot
data showing increased IDO (immune suppressive) expression in vatalanib treated tumors, which were decreased in GW2580 and GW2580+ vatalanib groups (lower panels).
Shown is one of the two experiments performed. Quantitative data are expressed in mean ± SD. *P < 0.05, **P < 0.01 and ***P < 0.001. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Molecular networks in GBM TME. (A) Heatmap showing expression intensity of cytokine molecules following 96-plex protein array (Ray Biotech. These molecules
were elevated in following order of treatment groups; vatalanib > GW2580+ vatalanib > GW2580. White star showing decreased expression of TCK1 or CCL7 following CSF1R
blockade (B) Box-plot showing overall expression intensity changes among groups. GW2580 group showed significantly decreased expression intensity of molecules com-
pared to other groups. (C) Network analysis showing ERK map kinase or P44/42 is a central molecule for cytokines (left panel). (D) Western blot using glioma tumor protein
lysate showing increased expression of phosphorylated or active form (p-ERK) of ERK in vatalanib treatment and decreased in GW2580 and GW2580+ vatalanib groups
(upper and lower panels). Shown is one of the two experiments performed. Quantitative data are expressed in mean ± SD. *P < 0.05 and **P < 0.01.
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combination with vatalanib and thus, decreased p-ERK expres-
sion in GFP+ cells (Fig. 4A). Intracellular staining of CXCL7 on tumor
tissues was analyzed with all treated groups. We noticed expression
of CXCL7 in both tumor cells and tumor recruited GFP+ cells (more
in tumor cells) in vehicle and vatalanib groups. CXCL7 expression

in GFP+ cells is shown by white arrow heads. Significant decrease
of GFP+ cells was seen in both anti-CSF1R and combination with
vatalanib and thus, decreased CXCL7 expression in GFP+ cells
(Fig. 4B). Phospho-ERK has been known to involve in mitogen as-
sociated protein kinase (MAPK) pathway regulated proliferation

Fig. 4. Phospho-ERK expression is correlated with CXCL7 expression and proliferation. (A) Immunofluorescence analysis showing p-ERK expression in treated tumor tissues.
Phospho-ERK expression was seen in both tumor cells and tumor recruited GFP+ cells in vehicle and vatalanib groups. Phospho-ERK expression in GFP+ cells is shown by
white arrow heads. Anti-CSF1R and combination with vatalanib significant decreased of GFP+ cells in tumor and thus, decreased p-ERK expression in GFP+ cells. (B) Intra-
cellular staining of CXCL7 on tumor tissues showing expression of CXCL7 in both tumor cells and tumor recruited GFP+ cells in vehicle and vatalanib groups. CXCL7 expression
in GFP+ cells is shown by white arrow heads. GW2580 and its combination with vatalanib decreased GFP+ cells and thus, decreased CXCL7 expression in GFP+ cells. (C)
Similarly, immunofluorescence staining of Ki67 on tumor tissues noticed expression of Ki67 in both tumor cells and tumor recruited GFP+ cells in vehicle and vatalanib
groups. Ki67 expression in GFP+ cells is shown by white arrow heads. We found decreased GFP+ cells in both anti-CSF1R and combination with vatalanib and thus, de-
creased Ki67 expression in GFP+ cells.
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hallmarks. We evaluated if p-ERK expression correlates with Ki67
proliferation data. Immunofluorescence staining of Ki67 on tumor
tissues was analyzed in all treated groups. We noticed expression
of Ki67 in both tumor cells and tumor recruited GFP+ cells (more
in tumor cells) in vehicle and vatalanib groups. Ki67 expression in
GFP+ cells is shown by white arrow heads. We found decreased GFP+
cells in both anti-CSF1R and combination with vatalanib and thus,
decreased Ki67 expression in GFP+ cells (Fig. 4C).

Discussion

Since, GBM is hypervascular in nature, different drugs e.g.
vatalanib, cediranib, sunitinib, etc. have been used against VEGF–
VEGFR pathway to control abnormal angiogenesis in clinical trials
[55–60]. Regrettably, benefits of AATs are at best transitory, and this
period of clinical benefit is followed by restoration of tumor growth
[61]. Evidence of relapse to progressive tumor growth reflects de-
velopment of resistance to AATs [13,48]. In our previous study (under
review in journal), we established a novel chimeric mouse model
to study the contribution of BMDCs in tumor development and ther-
apeutic resistance in GBM. We noticed increased infiltration of GFP+
BMDCs in TME and increased tumor growth as shown by MRI data
following vatalanib, nintedanib and CXCR4 antagonist (AMD 3100).
Treatments induced polarization of GFP+ BMDCs to the immuno-
suppressive myeloid cells. Therefore, in the present study, we
intended to deplete the myeloid cells in the GBM TME. Similar to
our report, other study reported that AATs increased infiltration in
myeloid populations in the tumor bulk and in the infiltrative regions
of the recurrent GBM (Supplementary Fig. S2) [23], which indi-
cated requirement of myeloid cell inhibition in GBM.

So far, many myeloid inhibitors have been developed and have
shown minimal to broad effect on myeloid cells [38,62–67]. GW2580,
a selective small molecule kinase inhibitor of CSF1R, is an orally
bioavailable competitive inhibitor of adenosine triphosphate binding
[50]. GW2580 completely prevented CSF1R dependent growth of
macrophages in vitro and in vivo at therapeutically relevant doses
[50]. In vitro kinase assays with GW2580 demonstrated at least 100-
fold selectivity for CSF1R compared with approximately 300 other
structurally related and unrelated kinases [68]. Therefore, GW2580
have great therapeutic potential due to high selectivity and speci-
ficity for investigating the contributions of CSF1R signaling in the
recruitment and polarization of different myeloid subsets in vivo.

In the present study, GW2580 was tested to inhibit CSF1R+
myeloid cells, which decreased tumor growth by decreasing GFP+
BMDCs acquiring myeloid cells(Gr1+ CD11b+ and F4/80+), angio-
genic cells (CD202b+ and CD309+) and immune suppressive
signature (IDO) [69]. Interestingly, expression of angiogenic markers
on GFP+ cells was associated with the CD31+ vasculature in tumor
tissues. In addition, mouse specific protein array data showed de-
creased expression of vasculature associated markers such as basic
fibroblast growth factor (bFGF), vascular cell adhesion molecule
1(VCAM1), E-selectin or CD62 or endothelial-leukocyte adhesion
molecule 1 (ELAM-1), intercellular Adhesion Molecule 1 (ICAM1)
or CD54, vascular endothelial growth factor receptor 2 (VEGFR2) and
VEGFR3 in GW2580 group. Altogether, data suggest that anti-
CSF1R has profound effect on bone marrow cell contributed (GFP+)
vasculature development (vasculogenesis). Previously, CSF1R inhi-
bition using BLZ945 significantly increased survival and regressed
established tumors. CSF1R blockade additionally slowed intracra-
nial growth of patient-derived glioma xenografts. Surprisingly, TAMs
were not depleted in treated mice. Instead, glioma-secreted factors,
including GMCSF and IFN-γ, facilitated TAM survival in the context
of CSF1R inhibition [70]. Our study suggested that GW2580 based
CSF1R targeting has better myeloid inhibition compared to BLZ945
drug, which is further confirmed by study done by Xu et al. [43].
The authors showed that CSF1R signaling blockade stanched

tumor-infiltrating myeloid cells and improved the efficacy of ra-
diotherapy in prostate cancer [43].

Additionally, to evaluate any changes in cytotoxic T cell func-
tions, we estimated cytokines involved in the T cell function using
mouse specific cytokine array, for example, T cell activation (IL1),
potent T cell growth factor (IL2), immuno-suppressive cytokine in-
volved in T cell regulatory functions (IL10), helper T cell secreted
cytokines that promote proliferation and differentiation of acti-
vated B cells (IL4 and IL5), cytokine involved in Th17 cell
development (IL6) and Th17 secreted signature cytokine (IL17). We
observed significant decreased IL2 cytokine in anti-CSF1R group and
trend of increased IL6 and IL10 in anti-CSF1R+ vatalanib group com-
pared to vehicle. This suggests that anti-CSF1R is better that
combination treatment with vatalanib. Together, we believe that anti-
CSF1R works profoundly through myeloid lineage with modest effect
on T cell function.

We observed that combined treatments of GW2580 and vatalanib
decreased tumor growth but promoted GFP+ cells to acquire CD133
phenotype in TME. CD133 phenotype has been shown to be asso-
ciated with cancer stem cell and invasiveness properties [71]. This
data clearly confirmed disadvantages associated with VEGFR2 tar-
geting as shown by previous studies [46,56]. It is possible that
decreased tumor growth by combined treatment is transient and
tumor could regress due to increased CD133+ cells. However, sur-
vival studies are required to test this possibility. Our lab has
previously observed similar data with sunitinib treatment against
rat glioma, where sunitinib targeted both VEGFR2 and CSFR1.
Sunitinib-treated animals showed significantly higher migration of
the invasive cells [48]. Similar to our findings, other authors re-
ported that angiogenesis inhibitor anti VEGFR2 antibody (DC101)
induces morbidity, when combined with irradiation. In addition,
combination therapy using GW2580 with an anti VEGFR2 anti-
body (DC101) synergistically suppressed tumor growth and severely
impaired tumor angiogenesis along with reverting TAM mediated
antiangiogenic compensatory mechanism involving MMP-9 [46]. We
did not observe any decrease in myeloid and endothelial signa-
ture cells. There could be two reasons for this differential effect, firstly,
our combination treatment started after the day 8 of the tumor im-
plantation that allowed the tumor growth with microenvironment
establishment. Our treatment schedule reflected clinical condi-
tion where glioma is diagnosed at later stage. On the other hand,
a study done by Priceman et al. included same day treatment and
tumor implantation with no sign of tumor establishment. Second-
ly, we cannot ignore the differential effects of antibody based and
small molecule based protein kinase inhibitor targeting [72].

Several mechanisms have been known to regulate mobiliza-
tion and recruitment immature myeloid cells into the TME, e.g. IL17
induced expression of GCSF through NF-κB and ERK signaling helped
homing of myeloid cells to the tumor [21]. Bv8 modulated mobi-
lization of MDSCs from BM to the tumor and promoted angiogenesis
[29]. MDSC can be produced in BM in response to tumor derived
factors i.e. GCSF, IL6, GMCSF, IL1β, PGE2 and TNFα, and were re-
cruited to tumor site by CXCL12 and CXCL5 [40]. TGFβ signaling in
BMDCs is important and recruits MDSCs via CCL2 in TME [73].
CEACAM1 is identified as negative regulator of myeloid cell expan-
sion and recruitment by inhibiting GCSF-Bv8 axis [28]. Similarly,
TIMP2 was shown to down regulate expression of immunosup-
pressive genes controlling MDSC growth such as IL10, IL13, IL11 and
chemokine ligand (CCL5/RANTES), and increased IFN-γ and de-
creased CD40L [74]. In the present study, we performed 96-plex
cytokine array to understand detailed molecular mechanisms and
found aforementioned molecules and several other novel mol-
ecules involved in inflammation, angiogenesis, invasion and
proliferation were downregulated after CSF1R inhibition. TCK1 or
CXCL7, a potent chemoattractant and activator of neutrophils, was
observed as most significantly decreased cytokine in CSF1R
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inhibition compared to vehicle and other groups (Fig. 3A, shown by
star). Since, infiltration of GFP+ cells were significantly decreased
after CSF1R blockade (Fig. 1C), we believe that decreased CXCL7 is
associated with number of GFP+ cells in the TME. Notably, expres-
sion of CXCL7 reappeared in GW2580 and vatalanib combined
treated tumors, which was associated with the increased GFP+ in-
filtration in tumor compared with GW2580 only group (Fig. 1C).

Biological significance of CXCL7 has been studied before, for
example, CXCL7 co-localized with blood vessels, platelets and CD68+
macrophages. CXCL7 expression in synovial macrophages was as-
sociated with the inflamed rheumatoid arthritis [75]. In breast tumor,
CXCL7, accompanied with IL6 has been shown to modulate human
bone marrow mesenchymal cells traffic from the bone marrow to
accelerate metastasis at distant sites by expanding the cancer stem
cell population [76]. The authors showed that granulocyte recruit-
ment in tumor was dependent on the secretion of CXCL5 and CXCL7
chemokines by platelets upon contact with tumor cells. Blockade
of the CXCL5/7 receptor CXCR2, or transient depletion of either plate-
lets or granulocytes prevents the formation of early metastatic niches
and significantly reduces metastatic seeding and progression [77].
Proangiogenic and proinflammatory cytokine CXCL7 was an inde-
pendent prognostic factor for overall survival of clear cell renal cell
carcinoma (ccRCC). Inhibition of CXCL7 receptors CXCR1 and CXCR2
was sufficient to inhibit endothelial cell proliferation and ccRCC
growth [78]. CXCR2 axis plays a key role in the recruitment of tumor-
promoting neutrophils [79] and CXCR2-expressing MDSCs are
essential to promote tumorigenesis [80]. In addition, we showed
ERK MAPK pathway was involved in cytokine network regulation,
which is associated with the CSF1R pathway in macrophages [81].
We believe that decreased p-ERK expression in GFP+ cells is asso-
ciated with decreased cytokine expression (mouse specific) in
GW2580 treated tumors. Moreover, Phospho-ERK has been known
to involve in mitogen associated protein kinase (MAPK) pathway
regulated proliferation hallmarks. We observed that p-ERK expres-
sion was correlated with Ki67 proliferation data. In addition, please
note that mouse specific protein array data showed decreased ex-
pression of proliferation associated proteins such as IL2, IL3, IL3RB,

TIMP1,TIMP2, HGFR, IGFBP2, IGF1, IGF2, MMP2, MMP3 and Pro-
MMP2 in GW2580 group. Altogether, data suggest that anti-CSF1R
has profound effect on bone marrow cell contributed (GFP+) pro-
liferation events in GBM development.

In conclusion, the current study suggested the following: (1)
myeloid cells are key players in GBM development and AAT resis-
tance, (2) since CSF1R inhibition decreased cytokines (e.g.CXCL7)
involved in inflammation, angiogenesis, invasion and prolifera-
tion; therefore, myeloid cells are major targets for therapeutic
targeting in GBM. Clinical trials involving AATs were failed so far;
therefore, our study for the first time provided a detailed investi-
gation of altered myeloid cells and cytokine networks, sole cause
of therapeutic resistance in GBM (Fig. 5). Nonetheless, survival studies
are required to assess the beneficial effect of CSF1R blockade.
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