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Glioblastoma resistance to anti-VEGF
therapy is associated with myeloid cell
infiltration, stem cell accumulation,
and a mesenchymal phenotype
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Vascular endothelial growth factor (VEGF) is a critical
regulator of angiogenesis. Inhibiting the VEGF-VEGF
receptor (R) signal transduction pathway in glioblastoma
has recently been shown to delay progression, but the rel-
ative benefit and mechanisms of response and failure of
anti-VEGF therapy and VEGFR inhibitors are not well un-
derstood. The purpose of our study was to evaluate the rel-
ative effectiveness of VEGF sequestration and/or VEGFR
inhibition on orthotopic tumor growth and the mecha-
nism(s) of treatment resistance. We evaluated, not only,
the effects of anti-VEGF therapy (bevacizumab), anti-
VEGER therapy (sunitinib), and the combination on the
survival of mice bearing orthotopic gliomas, but also the
differential effects of the treatments on tumor vascularity,
cellular proliferation, mesenchymal and stem cell markers,
and myeloid cell infiltration using flow cytometry and im-
munohistochemistry. Bevacizumab significantly pro-
longed survival compared with the control or sunitinib
alone. Both antiangiogenic agents initially reduced infiltra-
tion of macrophages and tumor vascularity. However,
multitargeted VEGFR inhibition, but not VEGF sequestra-
tion, rapidly created a vascular gradient and more rapidly
induced tumor hypoxia. Re-infiltration of macrophages
was associated with the induction of hypoxia.
Combination treatment with bevacizumab and sunitinib
improved animal survival compared with bevacizumab
therapy alone. However, at the time of tumor progression,
a significant increase in CD11b*/Gr1* granulocyte
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infiltration was observed, and tumors developed aggres-
sive mesenchymal features and increased stem cell
marker expression. Collectively, our results demonstrate
a more prolonged decrease in tumor vascularity with bev-
acizumab than with sunitinib, associated with a delay in
the development of hypoxia and sustained reduction of in-
filtrated myeloid cells.
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depends on the formation of new blood vessels.

Vascular endothelial growth factor (VEGF), a
potent angiogenic, plays a central role in mediating the
phenotype of glioblastoma. VEGF mediates endothelial
cell migration, proliferation, and survival' and is
highly expressed in glioblastoma.” In addition to directly
promoting angiogenesis via its effects on endothelial
cells, VEGF and the closely related placental growth
factor (PIGF) are myeloid cell chemokines known to be
important for attracting VEGF receptor (R)1 monocytes
to tumors.” Recent experimental evidence suggests that
elimination of VEGFRI1 signaling in bone marrow-—
derived cells significantly decreases glioma growth and
vascularization® and that VEGFR1-expressing myeloid
cells play an important role in sustaining glioma
angiogenesis.

Although “tumor escape” from anti-VEGF therapy
involves activation of other growth factors important
for angiogenesis, laboratory data suggest that bone
marrow—derived cells may play a critical role in tumor
escape from antiangiogenic therapy.”® In the early
phases of antiangiogenic therapy, tumor oxygenation im-
proves through the process of vascular normalization.”

’ I Yhe growth of highly aggressive glioblastomas
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However, with prolonged antiangiogenic treatment,
tumors develop progressive hypoxia, which may be
central to promoting tumor resistance to therapy and ul-
timately tumor progression.”*® Du et al.” recently showed
that tumor hypoxia is a driving force behind the release of
stromal cell-derived factor la, which attracts myeloid
cells from the bone marrow to gliomas. Other circulating
chemokines, such as granulocyte colony-stimulating
factor, attract CD11b*/Gr1" cells, which may also
mediate tumor refractoriness to anti-VEGF therapy.”!°
It is not known whether the development of tumor resis-
tance is delayed by therapeutic modulation of angiogene-
sis to minimize the development of hypoxia and decrease
the infiltration of myeloid cells.

Therapeutic strategies to sequester VEGF or block
endothelial-associated VEGFRs (mainly VEGFR2) are
undergoing intensive investigation as treatments for glio-
blastoma. Clinical reports with bevacizumab (a mono-
clonal antibody to human VEGF-A) in patients with
recurrent glioblastoma have confirmed the potential effi-
cacy of blocking VEGF by demonstrating an impressive
radiographic response rate and an improvement in
progression-free survival.'"'* Although there are many
potential benefits of antiangiogenic therapy in patients
with glioblastoma (including reducing cerebral edema
via removal of VEGF and thus allowing a reduction in
corticosteroid use), controversy still exists regarding
the impact of anti-VEGF therapy on tumor growth and
patient survival. Of note, VEGFR-targeted therapy
using agents such as sunitinib'® and cediranib'* has
not shown an equal ability to improve progression-free
survival or duration of response compared with
anti-VEGF therapy.

We sought to characterize the changes in tumor vas-
cularity, cell proliferation, and the microenvironment,
including the formation of hypoxia and infiltration of
different myeloid cell populations, to determine
whether these factors could account for the differential
outcomes observed with anti-VEGF and VEGFR inhibi-
tor therapies. The purpose of this study was to determine
potential mechanisms for the difference in benefit of
anti-VEGF therapy and VEGFR inhibitors in gliomas
and to explore potential mechanisms of treatment
failure. In the present study, we compared the effect of
the monoclonal antibody bevacizumab (anti-VEGF)
and sunitinib (a VEGFR inhibitor and colony stimulat-
ing factor—1 receptor [CSF-1R] inhibitor)"” on animal
survival in an orthotopic glioma model. We also evaluat-
ed the combination of bevacizumab and sunitinib to
modulate the recruitment of myeloid cells of the mono-
cyte/macrophage lineage.

Materials and Methods

Cell Lines, Reagents, and Treatment

Human glioblastoma cell line U§7MG was obtained
from the American Type Culture Collection and was
tested and authenticated via short tandem repeats
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fingerprinting by the Brain Tumor Center of The
University of Texas MD Anderson Cancer Center. U87
cells were maintained in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum. Sunitinib
(Pfizer) was suspended in carboxymethyl cellulose buff-
ered to pH 4.2. Bevacizumab (Genentech) was dissolved
in phosphate buffered saline (PBS) immediately prior to
1.p. injection.

Animal Xenografts

For in vivo experiments, U87 glioblastoma cells (5 x
0’ cells) were implanted intracranially into nude
mice.'® Beginning 5 days after implantation, bevacizu-
mab (10 mg/kg) was administered to the animals by
i.p. injection twice a week; sunitinib (50 mg/kg) was
administered by oral gavage daily Monday through
Friday; and the combination was administered as de-
scribed. One cohort of 10 animals was treated contin-
uously and followed up for survival. A separate cohort
of 6 animals per group was treated continuously until
the designated time point, and the tumors from these
mice were extracted at 2, 4, and 6 weeks for pharma-
codynamic analyses. Control animals for these cohorts
were treated with PBS by i.p. injection or carboxymethyl
cellulose vehicle by oral gavage. When the mice devel-
oped signs and symptoms of advanced tumors, they
were euthanized, and their brains were removed and
processed for analysis. The institutional animal care
and use committee of MD Anderson Cancer Center
approved all of the experiments in our study.

Immunohistochemistry

Tissues were fixed in 4% paraformaldehyde for 24 hours,
embedded in paraffin, sectioned serially (4 wm), and
stained with hematoxylin and eosin (Sigma-Aldrich).
For immunohistochemical stains, slides were deparaffi-
nized and subjected to graded rehydration. After block-
ing in 5% serum and antigen retrieval (citrate buffer,
pH 6.0), we incubated the slides with the primary anti-
bodies overnight at 4°C. After the slides were washed in
PBS with Tween 20, the primary antibody reactions
were detected using the Vectastain ABC Kit (Vector
Laboratories) with the respective secondary antibody.
Immuno-

histochemical analysis of the slides was performed for
microvascular density (von Willebrand factor/factor
VIII, A0082, diluted 1:500; DAKO), cell proliferation
(Ki-67, code M 7240, diluted 1:80; DAKO),
hypoxia (carbonic anhydrase [CA]9, NB100-417,
diluted 1:1000; Novus Biological), the macrophage
marker CD68 (M0814, diluted 1:2000; DAKO), vimen-
tin (V9.1, diluted 1:900; DAKO), smooth muscle actin
(1A4, diluted 1:80 000; Sigma-Aldrich), and e-cadherin
(HECD-1, diluted 1:100; Invitrogen).

For double immunofluorescence studies, tissue sections
were blocked with 10% fetal bovine serum following
heat-induced antigen retrieval and then incubated with
anti—tumor growth factor (TGF)-B (code ab66043,



diluted 1:50; Abcam) or zinc finger E-box-binding homeo-
box 2 (ZEB2; nbp1-82991, diluted 1:50; Novus), F4/80
(RB6-8C5, 108401, diluted 1:50; Biolegend), and anti-
nestin (AB5922,diluted 1:1000; Millipore). Texas Red
fluorescein isothiocyanate (FITC)—conjugated secondary
antibodies and green FITC-conjugated antibodies
(Invitrogen) were used for 1 hour at room temperature.

Flow Cytometry

Whole blood obtained by means of retro-orbital bleed and
terminal cardiac puncture was collected in vials containing
ethylenediaminetetraacetic acid. Infiltrated myeloid cells
were isolated from tumors using a Miltenyi Biotech
Neural-Cell Dissociation Kit. Cells were washed in PBS
and then incubated with primary antibody for 1 hour at
room temperature. The following conjugated antibodies
were used to detect myeloid cell lineages in each tumor
(n > 6 per group): VEGFR1-allophycocyanin (APC) and
CD45-PerCP-CyS (BD Biosciences); Syto 16 (Invitrogen);
CD11b-APC-Cy7, F4/80-FITC, CSF-1R-PE, and
Gr1-PE-Cy7 (Ebiosciences); and matched isotype control
antibodies. After washing cells twice with PBS, we per-
formed flow cytometry using a FACSCanto Flow
Cytometer (BD Biosciences) and analyzed acquired data
with FlowJo software (Tree Star) with gate analysis de-
signed to remove cellular debris. Isotype antibodies for
each marker were used as the markers’ controls. Myeloid
cell populations in the tumors were normalized to total
numbers of viable nucleated CD45% cells.

Quantitative Image Analysis by Computer-Assisted
Microscopy

The evaluation of stains for vascularity and hypoxia was
performed by a pathologist without knowledge of the
treatment group. Computer-assisted microscopy was
used to capture the immunostaining images. Images
were taken with an Axioskop 40 microscope (Zeiss)
equipped with Zeiss AxioVision Release 4.2 software.
The intensity and area of sinusoidal endothelial staining
were quantitatively measured using the Image-Pro Plus
system version 7.0 (Media Cybernetics). The tissue
sample from each animal was measured at a magnifica-
tion of 100 x. The images were then imported into the
Image-Pro Plus software, where they were calibrated to
a known area of measurement. Positively stained
endothelial cells or endothelial cell clusters (clearly
separate from tumor cells or other connective tissue
elements) were counted, regardless of size or shape.
Immunohistochemical and immunofluorescent staining
was selected using the color selection function, and the
area/density (intensity) measurement functions were
used as described previously'” to calculate the respective
blood vessel (factor VIII) and hypoxia (CA9) density
values. Five high-power fields were selected randomly
in 3 regions of the tumor: the peripheral/invading edge
and the middle center regions. Area density measure-
ments were not influenced by tumor size.

Cell proliferation was determined using expression of
Ki-67 antigen at 400 x magnification. The labeled cell
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count was determined in 5 high-power fields for each
tumor area. Ki-67 proliferation was recorded as the
number of proliferating cells in each high-power field.

Real-Time PCR

Total RNA was extracted from tumor-bearing mouse
brain tissue using the RNeasy Mini Kit coupled with
DNase treatment (Qiagen) and reverse transcribed
with the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems). Each cDNA was analyzed in
triplicate using a real-time TagMan probe (Applied
Biosystems). Quantitative PCR analysis was performed
on a chromo 4 sequence-detection system (Bio-Rad).
Relative quantification of mRNA levels was performed
using the comparative cycle threshold (C,) method,
with glyceraldehyde phosphate dehydrogenase as the
reference gene and the formula 2,44,

Statistical Analysis

All statistical analyses were performed with GraphPad
(InStat) software for Windows. Survival analysis was
performed using the Kaplan—Meier method, and
cohorts were compared using the log-rank test. All
other data were compared using an unpaired 2-tailed
Student’s ¢ test. Summary statistics for continuous
data are expressed as mean + SEM. The relationship
between intensity of immunohistochemical marker
and number of myeloid cells was determined using a
nonparametric Spearman rank correlation. P <.0S
was considered statistically significant.

Results

Anti-VEGF Antibody but not VEGFR Inhibitor
Therapy Prolongs Animal Survival

The clinical utility of antiangiogenic therapy for the
treatment of glioblastoma is unquestioned, but the rela-
tive effectiveness of sequestering the ligand (VEGF) vs
inhibiting VEGFR is not well understood. To examine
this question, we first performed a survival study in
our U87 orthotopic glioma model. As reported previous-
ly,> we observed a significantly longer survival in
animals treated with bevacizumab twice a week than
in controls (median survival of 46.5 days for
bevacizumab-treated mice vs 25.5 days for controls,
P < 0.001). However, there was no statistically signifi-
cant difference in survival in sunitinib-treated mice
compared with controls. Median survival for sunitinib-
treated mice was 28 days compared with 25.5 days for
controls (Fig. 1A). In our orthotopic mouse model,
targeting the VEGF ligand prolonged animal survival
longer than blocking VEGFR.

Reports have suggested that antiangiogenic agents
used in combination may improve outcome by targeting
multiple angiogenesis pathways.'®!? In addition to in-
hibiting VEGFR2, sunitinib inhibits the myeloid cell-
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Fig. 1. Anti-VEGF but not VEGF receptor inhibitor therapy prolongs
survival in an orthotopic glioma xenograft model. (A) Kaplan—Meier
graph showing improved survival in nude mice with U87 tumors
treated with bevacizumab (Bev) or sunitinib compared with
untreated controls. (B) Kaplan—Meier graph showing improved
survival in nude mice with U87 tumors treated with bevacizumab
(Bev) + sunititnib compared with bevacizumab alone.

associated receptor CSF-1R." Because bone marrow
cells are potential mediators of escape from antiangio-
genic therapy,® we hypothesized that adding sunitinib
to bevacizumab would prolong the duration of animal
survival. In separate experiments, we evaluated how
bevacizumab + sunitinib affected the duration of
animal survival. Bevacizumab + sunitinib showed
significantly  prolonged survival compared with
bevacizumab alone (Fig. 1B; 43.5 days vs 63.5 days for
combination therapy, P = .046).

VEGER Inbibition Produces Greater Reduction in
Central Tumor Vascularity than Does Anti-VEGF
Therapy

To determine whether the difference in treatment effica-
cy Dbetween VEGF ligand sequestration and
VEGFR-targeted antiangiogenic therapy was related to
relative effects on tumor vasculature, we measured
changes in tumor microvascular density over time.
Figure 2A shows representative photomicrographs of
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each tumor area at 2, 4, and 6 weeks for mice in all treat-
ment groups.

At 2 weeks, quantitative analysis demonstrated a sig-
nificant reduction in tumor vascularity in the central,
middle, and peripheral tumor regions in all treatment
groups compared with controls (P < .05). The decrease
in vascularity ranged from approximately 20% to 51%.

At 4 weeks, the sunitinib-treated tumors had escaped
from therapy, ultimately leading to the animals’ death.
In these tumors, there was a significantly greater reduc-
tion in vascularity in the central region than in the
peripheral region. This vascular gradient was absent in
the bevacizumab and combination therapy groups.
Alternatively, bevacizumab was better able to inhibit
vascularity in the periphery of the tumor. Furthermore,
the bevacizumab and combination groups had a sus-
tained and uniform reduction in vascularity across all
3 tumor areas at 4 weeks, in contrast to the control
and sunitinib groups. In the former 2 groups, the
50%-73% decrease in vascularity was significant com-
pared with that seen in the control and sunitinib groups
(P <.05).

At 6 weeks, as the bevacizumab and combination
groups developed resistance and the tumors began to
progress, there was a 63% —74% greater increase in vas-
cularity in the middle and peripheral regions than had
been observed in their respective treatment groups at 4
weeks (P < .05). Treatment failure in these tumors was
associated with the establishment of a vascular
gradient, as was observed in the control and sunitinib
treatment groups at 4 weeks. This relative change
in vessel density in the central region compared with
the peripheral region is summarized graphically in
Figure 2C. These data suggest that sunitinib therapy
does not sustain control of vascular proliferation at the
periphery but does create a larger gradient between the
central and peripheral tumor regions.

Finally, changes in glioma cell proliferation were
explored in the 3 tumor regions (Fig. 2D). In general,
changes in cell proliferation mirrored the changes in
tumor vascularity. Tumor areas with lower vessel
density had less tumor cell proliferation. At 2 weeks,
the bevacizumab and combination cohorts had statisti-
cally lower levels of proliferation (P < .05) than did con-
trols. Only the peripheral region of the sunitinib-treated
tumors had a significant reduction compared with con-
trols. As the controls and sunitinib-treated tumors
began to escape at 4 weeks, there was a concomitant in-
crease in cell proliferation, whereas the bevacizumab
and combination groups sustained a decrease in cell
proliferation.

Of note, the bevacizumab and combination groups
demonstrated a significant increase in cell proliferation
in the peripheral region only at 6 weeks compared
with the results at 4 weeks. This delayed increase in
cell proliferation could have been due to the fact that
median animal survival was longer in these groups
(beyond the 6-week time point at which these measure-
ments were made) or potentially because of the pattern
of tumor escape. The longer-surviving animals in both
the bevacizumab and combination groups had evidence



of tumor invasion (Fig. 6), a pattern not observed in the
control animals. These results indicate that tumor inva-
sion could have contributed to animal morbidity in the
absence of a rapidly proliferating tumor.

VEGEFR Inbibition Induces Greater Tumor Hypoxia
than Does Anti-VEGF Therapy

The relative impacts of VEGF sequestration and VEGFR
inhibition on the induction of glioma hypoxia are not
known. Therefore, the development of a vascular gradi-
ent at earlier time points in the sunitinib-treated groups
owing to a greater reduction in central vascularity at the
time of treatment failure led us to examine the impact of
this gradient on the induction of tumor hypoxia, a
known stimulant of resistance. Figure 3A shows repre-
sentative photomicrographs of the hypoxia marker
CA9. At the earliest time point (2 weeks), there was
little evidence of tumor hypoxia in all groups (Fig. 3B).
However, at 4 weeks, hypoxia had increased by 24%
and 43% in the control and sunitinib groups, respective-
ly, compared with the results at 2 weeks. Although
higher than the 2-week levels, the CA9 staining levels
in the bevacizumab and combination treatment groups
were significantly lower than in either the control
group or the sunitinib group. CA9 staining had increased
significantly at 6 weeks in the bevacizumab and combi-
nation treatment groups compared with the 4-week
levels from the same groups. Figure 3B summarizes the
fractional area of CA9 staining at each time point for
all treatment groups. The degree of hypoxia in each of
the different tumor areas correlated with a decrease in
vessel density in that region (data not shown).

An inverse correlation existed between the magnitude
of the difference in central and peripheral vessel density
and the level of CA9 staining. That is, tumors with a
larger vascular gradient between central and peripheral
vessel densities had greater levels of hypoxia (Fig. 3C).
The degree of hypoxia in the bevacizumab and combina-
tion treatment groups at 6 weeks was similar to the
amount of hypoxia observed in the sunitinib-treated
tumors at 4 weeks, suggesting that hypoxia-mediated
escape mechanisms might occur in these groups at differ-
ent times, depending on the acuity or degree of change in
vessel density. These results indicate that one difference
between the relative efficacies seen in VEGFR inhibition
compared with VEGF ligand sequestration may be
related to the relative degree of vascular inhibition.

Antiangiogenic Agents Decrease CD11b%/F4/80%/
Grl~ Myeloid Cell Recruitment to Tumors

VEGEF, PIGF, and other cytokines are known to attract
bone marrow—derived cells to tumors, in part via
VEGF-mediated signaling through VEGFR1 located on
some myeloid cells.”’ We used flow cytometry and
immunohistologic staining to analyze the time course
of changes in CD11b*/F4/80%/Gr1~ myeloid cell re-
cruitment in our orthotopic glioma model in controls
and in mice treated with antiangiogenic agents at 2, 4,
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and 6 weeks. Figure 4A presents representative flow cy-
tometry data showing the time course of changes in
tumor-infiltrated CD11b"/F4/80" cells with the per-
centage of Grlt cells pseudocolored in green.
Quantitative analysis (Fig. 4B, upper panel) showed
that at the early (2-week) time point, sunitinib, bevacizu-
mab, and combination therapy resulted in 52%, 70%,
and 47% reductions, respectively, in CD11b*/F4/
80" /Gr1~ cells compared with controls (all statistically
significant, P <.05). No statistical differences were
noted between the anti-VEGF treatment groups. In the
control and sunitinib groups, which had tumor progres-
sion by 4 weeks, there was a significant increase in
myeloid cell recruitment of 43% and 80%, respectively,
compared with recruitment at 2 weeks (P < .05 for both
groups).

Of note, at 4 weeks there was a significantly greater
decrease in CD11b"/F4/80%/Gr1~ cells in the combi-
nation treatment group than in the bevacizumab group
(2.2% vs 1.1%, P < .05), potentially related to greater
inhibition of myeloid cell infiltration owing to the
CSF-1R inhibition by sunitinib. As with the control
and sunitinib groups at 4 weeks, the bevacizumab and
combination therapy groups had significant increases
in myeloid cell infiltration of 52% and 64 %, respective-
ly, at 6 weeks compared with infiltration at 4 weeks
(P < .05 for both groups). There was a trend toward a
greater decrease in myeloid cell infiltration in the combi-
nation therapy group than in the bevacizumab group,
although this difference was not statistically significant.

Although multiple chemokines may attract bone
marrow—derived cells to tumors,”' it is possible that
VEGF and PIGF are prominent mediators of myeloid
cell recruitment to gliomas via activation of VEGFR1
on myeloid cells. We performed a detailed analysis of
the percentage of CD11b*/F4/80%/Gr1~ cells express-
ing VEGFR1, as well as the monocyte/macrophage re-
ceptor CSF-1R, in each treatment group. Figure 4B
(lower panel) shows that approximately 60%—-80% of
infiltrated myeloid cells expressed both VEGFR1 and
CSF-1R. There was no statistical difference between
the number of cells with VEGFR1/CSF-1R expression
in any of the treatment groups at different time points.

The expression of macrophages within tumors at 4
and 6 weeks was confirmed with immunohistochemical
staining of tumor tissue using CD68, a pan-macrophage
marker (see Fig. 4C). Changes in macrophage expression
by immunohistochemistry were similar to those in the
quantitative flow analyses. The fractional area of
CD68 staining was significantly smaller at 4 weeks in
the bevacizumab and combination therapy groups than
it was in the control and sunitinib groups. As described
previously, CD68 staining was higher in the bevacizu-
mab and combination therapy groups at 6 weeks than
it was at 4 weeks.

Myeloid cells are known to be attracted to regions of
tumor hypoxia, where they are thought to be important
in mediating resistance to antiangiogenic therapy.”>**
Our results showed a strong association between the in-
filtration of myeloid cells and the degree of tumor
hypoxia. Figure 4D shows that combined analysis of
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Fig. 2. VEGFR inhibition produces greater reduction in central tumor vascularity than does anti-VEGF therapy. (A) Representative light
microscopy images showing immunohistochemical detection of factor VIII (brown staining) in U87 tumors from control, bevacizumab (bev),
sunitinib, and bev + sunitinib treated animals (200x) at 2, 4, and 6 weeks. (B) Bar graph demonstrating the average percentage of change
in fractional area of factor VIII staining in central (c), middle (m), and peripheral (p) tumor locations in all treatment groups. *P < .05
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all treatment groups at 4 and 6 weeks demonstrated a
strong correlation between the fractional area of CA9
staining and the numbers of infiltrated CD11b*/F4/
80%7/Gr1™ cells (correlation r=0.77, P=.002).
Figure 4C shows what appears to be a large number of
CD68™" cells around the areas of necrosis, although
their localization was not restricted to these areas.

Tumor Resistance to Anti-VEGEF Therapy Is Associated
with Infiltration of CD11b™ /Gr1™ Cells

Although tumor resistance to antiangiogenic therapy is
associated with the recruitment of CD11b*/F4/80"/
Gr1~ cells, we also evaluated the infiltration of other
bone marrow—derived cells. In particular, we were inter-
ested in exploring the recruitment of CD11b*/Gr1™
cells, given their role in mediating refractoriness to
anti-VEGF therapy in other tumor models.” Figure SA
shows the flow cytometry plots for CD11b*/F4/80
cells with pseudocoloring of Gr1™ cells from representa-
tive samples in the different treatment groups.
Quantitative analysis of this cell population (Fig. 5B)
demonstrated that there was little change in Gr1* cells
at 2 or 4 weeks in the different treatment groups.
However, there was a significant increase in CD11b"/
Gr1t cells in the bevacizumab and combination
therapy groups at 6 weeks compared with the same
groups at 4 weeks.

Antiangiogenic Therapy Induces Mesenchymal Changes
to Glioma Tumor Tissue In Vivo

Tumors extracted from animals after the experiments
were completed had striking histologic changes com-
pared with the controls. Hematoxylin and eosin staining
revealed that tumors in the sunitinib, bevacizumab, and
combination therapy groups had multiple areas contain-
ing spindle-shaped cells and whorls of tumor cells char-
acteristic of a sarcoma or gliosarcoma histology
(Fig. 6A, left column). These mesenchymal features in-
creased with survival time. Consistent with a more mes-
enchymal phenotype, these tumors also had sheets of
invading tumor cells (Fig. 6A, white arrows). Given
the association between hypoxia and mesenchymal
transformation,”*** we performed immunohistochemi-
cal analysis of mesenchymal markers to further charac-
terize changes within tumors following prolonged
antiangiogenic treatment. Figure 6A shows that the
antiangiogenic therapy groups had increased vimentin
and smooth muscle actin staining and decreased
e-cadherin staining compared with control tumors, all
consistent with a mesenchymal transformation of these
treated tumors.
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Furthermore, there was an increase in stem cell
marker expression in tumors treated with anti-VEGF
therapy. RNA isolated from tumors extracted from
bevacizumab- and sunitinib-treated animals was evalu-
ated for expression of stem cell markers nestin and
Sox2 using real-time PCR. Tumors had 2.5- and
88.0-fold increases in nestin and Sox2 expression, re-
spectively, following prolonged (6-week) treatment
with bevacizumab compared with untreated control
tumors and 4.2- and 8.5-fold increases in these
markers for sunitinib-treated tumors (94 weeks).
Taken together, these results indicate that anti-VEGF
therapy induces a phenotypic shift toward a more ag-
gressive mesenchymal phenotype, consistent with the in-
vasive and treatment-resistant behavior of these tumors.
An increase in or selection for stem cells may contribute
to this aggressive phenotype.

Both TGF-B and ZEB2 contribute to epithelial mesen-
chymal transition (EMT) in other solid tumor types. To
investigate whether these mediators of EMT in other
tumors might be responsible for the mesenchymal transi-
tion induced by antiangiogenic therapy in glioma, we co-
cultured U87 cells with macrophage and performed
human EMT gene array analysis (SABiosciences). We
found that the expression levels of TGF-$ and ZEB2
were significantly higher in U87 cells co-cultured with
macrophages compared with U87 cells alone (data not
shown). To determine whether these changes were rele-
vant in our in vivo model, we evaluated TGF-B and
ZEB2 expression levels in vivo by immunofluorescent
staining and found that the expressions of TGF-$
(Fig. 6C) and ZEB2 (Fig. 6D) were markedly increased
in xenograft U87 glioma when mice were treated with
bevacizumab or sunitinib or bevacizumab + sunitinib
compared with tumors in the control group.

Discussion

This study sought to determine the relative effect of
sequestering VEGF vs inhibiting VEGFR in an ortho-
topic glioma model and to determine the potential mech-
anisms for differential sensitivity to these 2 agents.
VEGF sequestration with bevacizumab or bevacizumab
+ sunitinib significantly prolonged animal survival,
whereas sunitinib monotherapy did not. Although all
treatment groups showed early decreases in tumor vas-
cularity, these decreases were not sustained in the
sunitinib-treated group. Our findings were that
sunitinib-treated animals developed a vascular gradient
that may have been related to a greater effect of bevaci-
zumab in reducing tumor vascularity at the tumor pe-
riphery or a greater reduction in central vascularity in
VEGF tyrosine kinase—treated animals. The resultant

compared with untreated controls; #P < .05 compared with sunitinib; ¢ P < .05 compared with the same treatment group at either 2 or
4 weeks. (C) Percent change in vascular density comparing the central vs peripheral tumor regions at each time point for each treatment
group. *P < .05 compared with untreated controls; #P < .05 compared with sunitinib; +P < .05 compared with bev treatment. (D) Glioma
cell proliferation using Ki-67 analysis at each time point. *P < .05 compared with untreated controls; #P < .05 compared with sunitinib; +

P < .05 compared with the same treatment group at any of the 4.
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Fig. 3. VEGFR inhibition induces greater tumor hypoxia than
anti-VEGF therapy (A) Representative light microscopy image at
200x magnification showing immunohistochemical detection of
carbonic anhydrase 9 (CA9; brown nuclear staining) demonstrating
regions of tumor hypoxia in the 4 treatment groups at 4 and 6
weeks. (B) Bar graph depicting the quantification of fractional
staining of CA9. *P < .05 compared with controls. (C) An inverse
correlation between factor VIII staining and fractional area of CA9
staining was seen for all tumor treatment groups.
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central tumor hypoxia in turn potentially accelerated
resistance mechanisms such as infiltration of bone
marrow—derived cells. A strong correlation was ob-
served between the decrease in tumor vascularity and a
reduction in CD11b*/F4/80"/Gr1~ myeloid cell infil-
tration in all treatment groups. However, VEGF seques-
tration imparted a more uniform decrease in tumor
vascularity, less hypoxia, and a more sustained decrease
in myeloid cell infiltration. At the time of progression,
tumors were infiltrated by CD11b"/Gr1™ myeloid cells
and became more invasive with features of mesenchymal
differentiation and increased expression of stem cell
markers.

Both anti-VEGF antibodies and VEGFR inhibitors
are currently being used to treat glioblastoma. Anti-
VEGF therapy only sequesters VEGF, leaving multiple
alternate pro-angiogenic pathways to continue vascular
proliferation unchecked. Multitargeted tyrosine kinase
inhibitors have been developed that can block multiple
pathways and have been shown to decrease tumor vascu-
larity more than anti-VEGF therapy alone.'”*%*’
Paradoxically, anti-VEGF therapy has demonstrated a
more durable benefit in clinical applications than multi-
targeted VEGFR tyrosine kinase inhibitors either alone
or in combination with chemotherapy. The reasons for
this observation are unknown, but it has been shown
in preclinical models that high-dose sunitinib (at the
same doses used in this study; 40 mg/kg/d) prevents
drug delivery of temozolomide to orthotopic brain
tumors, suggesting that the most efficacious dose of
these agents has not been completely worked out.?®

By measuring tumor vascularity in 3 distinct regions
of the tumor, we were able to show that the multitar-
geted agent sunitinib more rapidly promotes the devel-
opment of a vascular gradient with a greater loss of
tumor vessels in the central portion of the tumor. Our
results show a significant association between a decrease
in central tumor vascularity and the development of
hypoxia in the different anti-VEGF groups. This associ-
ation was observed at earlier time points in the sunitinib-
treated animals than in the bevacizumab-treated
animals. The greater decrease in central tumor vascular-
ity in the VEGFR-inhibitor group may have been related
to greater vessel pruning in the central tumor regions.
Although the reasons that bevacizumab created a more
uniform decrease in vascularity are not known, it
could be due to less potent inhibition of signaling down-
stream of VEGFR2, less penetration of the drug into the
tumor to exert its effects, longer half-life, or the drug’s
effects on infiltrating bone marrow cells. Bevacizumab
sequesters only human (tumor-derived) VEGF, whereas
a VEGFR inhibitor will block both human and mouse
VEGFRs. In our bevacizumab-treated animals, the
mouse microenvironment could have secreted mouse
VEGF and thus prevented excessive hypoxia. Some
evidence exists that elimination of all VEGF from
tumors may paradoxically promote tumor growth.*’
Additional study is needed to determine the level of
VEGF required for preventing or delaying this unwanted
effect, but higher levels of inhibition may be detrimental
by promoting tumor resistance.
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Fig. 4. Antiangiogenic agents modulate CD11b*/F4/80%/Gr1~ myeloid cell recruitment to tumors. (A) Representative flow cytometry
analyses from tumor at 4 and 6 weeks in each group. (B) Upper panel, bar graph demonstrating the average percentage of CD11b+/
F4/80+/Gr1- myeloid cells at each time point for the 4 treatment groups. Lower panel, bar graph showing average percentage of
CD11b+/Gr1- cells expressing VEGFR1+. (C) Top, representative photomicrographs of CD68 macrophage staining at the corresponding
time points. Bottom, bar graph of fractional area of CD68 staining. *P < .05 compared with controls; #P < .05 compared with sunitinib
treated animals. (D) Positive correlation between number of CD11b+ /F4/80+ /Gr1- macrophages using flow cytometry and fractional
area of CA9 staining.
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Fig. 4. Continued

Recent data suggest that blockade of VEGFR1 signal-
ing by either ligand sequestration or receptor inhibition
can decrease tumor infiltration by bone marrow-
derived cells. In a preclinical model of metastatic glio-
blastoma, blockade of VEGFR1 led to a partial decrease
in bone marrow—derived cell infiltration inside and
around the growing metastatic nodule.’®*' Kerber
et al.* demonstrated that elimination of VEGFR1 signal-
ing in bone marrow cells significantly reduced glioma
vascularity and tumor growth. Our current study
shows that antiangiogenic therapy reduces infiltration
of CD11b*/F4/80" /Gr1~ myeloid cells into orthotopic
gliomas. Our results indicate that these bone marrow—
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derived cells express mostly CSF-1R and VEGFR1 and
are likely to be derived from macrophages. Anti-VEGF
therapy appeared to be more effective in sustaining a
decrease in myeloid cell infiltration and in controlling
tumor vascularity, possibly by not inducing hypoxia.
These factors may have contributed to the slower
tumor growth and the survival advantage seen in the
bevacizumab-only and combination therapy groups.

The impact of antiangiogenic agents on tumor
growth is controversial and has not yet been clearly
defined. Antiangiogenic agents may slow tumor growth
by eliminating tumor blood vessels and thus reducing
blood flow to the tumor.?* Antiangiogenic agents may
also enhance the effectiveness of radiation and chemo-
therapy via vessel normalization.” We propose that one
of the mechanisms by which antiangiogenic agents
decrease tumor vascularity and delay tumor growth in
gliomas is by decreasing myeloid cell recruitment and in-
filtration into the tumor. Myeloid cells, such as macro-
phages and neutrophils, are known to promote tumor
proliferation, angiogenesis, and invasion via secretion
of multiple growth factors, such as matrix metalloprotei-
nases, interleukin-6, and interleukin-8.>! A decrease in
infiltrated myeloid cells may indirectly decrease glioma
proliferation, vascularity, and invasion by removing
these myeloid cell-secreted factors. Furthermore, in a
recent clinical trial, we showed that early decreases
in circulating CD14" myeloid cells correlated with
response to antiangiogenic therapy in patients with re-
current glioblastoma.”® Thus, pro-angiogenic and pro-
tumorigenic myeloid cells appear to play a central role
in glioma angiogenesis, and changes in the recruitment
of these cells may serve as a biomarker of response to
antiangiogenic therapy.

Resistance to antiangiogenic therapy is thought to be
mediated, in part, by bone marrow—derived cells attract-
ed to hypoxic tumors.”**® In our model, the mice treated
with sunitinib showed earlier development of hypoxia.
In our experience, this effect was not limited to sunitinib.
We have observed this phenomenon with other VEGFR
inhibitors in this model (data not shown). Here, we ob-
served an increase in CD11b" /F4/80" /Gr1~ cells at the
time of tumor progression in the control and sunitinib-
treated animals at 4 weeks, as well as an increase in
CD11b*/Gr1* cells at 6 weeks in the groups treated
with bevacizumab only. The strong correlation
between the number of infiltrated myeloid cells and the
level of hypoxia further supports the idea that hypoxia
is an important initiator of myeloid cell infiltration.
These data suggest that multiple bone marrow-derived
cell types may be involved in resistance to therapy and
that targeting only one bone marrow—derived cell type
may not prevent resistance.

We used sunitinib in combination with bevacizu-
mab to block the infiltration of CSF-1R™ cells.'” In
the combination therapy group, there was a significant
improvement in animal survival and a significant
decrease in CD11b*/F4/80%/Gr1™ myeloid cells at 4
weeks compared with the group treated with bevacizu-
mab alone. At the later time points, this effect was per-
sistent, although it did not reach statistical significance.



Piao et al.: Anti-VEGF therapy resistance and the mesenchymal phenotype

& 4 Wks 6 Wks
Control 3 F"'-"‘:- 5.3% G‘, 3.1%
F4/80°
Idn
5 "
0 F4/80%, 14% |,o* Gr1*, 4.3% Fa/s0, 16.3%
Bev W i 3 . s
Fa/g0° |’ i
Gr:l', 2.4%
Sunitinib :
F4/80°
Fa/80°, 26%
Bev+ ,
Sunitinib =
F4/80° 2}
Iﬂl
o
! w' L a?
*
B
*
104
t 3 Control
& 8 & Bev
3 B Sunitinib
- % [ Bev+Sunitinib
('8
<
2 4
=
o
O 24
=
0- T

2wk 4 wk

6 wk

Fig. 5. Antiangiogenic agents modulate CD11b*/F4/807/Gr1™ myeloid cell recruitment to tumors. (A) Representative flow cytometry
analyses from tumor at 4 and 6 weeks in each group. (B) Bar graph demonstrating the average percentage of CD11b+/F4/80-/Gr1+
myeloid cells at each time point for the 4 treatment groups; *, P < 0.05.

Thus, multiple antiangiogenic agents or agents used to
block CSF-1R* cells may provide better suppression of
tumor growth through inhibition of bone marrow-
derived cell infiltration. Of note, the combination
of these 2 antiangiogenic agents did not further
promote tumor hypoxia at 4 weeks. Although the
reason for this is unknown, we observed that at each
time point evaluated, the tumors in the combination

group were smaller in diameter than those in the
other treatment groups (data not shown). This
finding is in agreement with the lower proliferation
rate measured in the combination therapy group.
Thus, the reduction in tumor vasculature and concom-
itant reduction in cell proliferation may have limited
the ability of the tumor to outgrow its vascular
supply and thus reduced the induction of hypoxia.
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Fig. 6. Antiangiogenic therapy induces mesenchymal changes to glioma tumor tissue in vivo. (A) Tumors treated with antiangiogenic
therapy induced aggressive (invasive) behavior and histologic characteristics characteristic of mesenchymal tumors (see white arrows).
Expression of mesenchymal markers vimentin and smooth muscle actin (SMA) are increased following antiangiogenic therapy, whereas
e-cadherin expression decreases. (B) Tumors treated with bevacizumab and sunitinib show a significant increase in the expression of the
glioma stem cell markers nestin and SOX2. (C) Expression levels of TGF beta and F4/80 in U87 glioblastoma xenograft tumors in
response to antiangiogenic therapy. Tissue slides from xenografts were stained with anti-TGF beta (green) and anti-F4/80 (red)
antibodies as described in “Materials and Methods.” The bar graph represents the percentage of TGF beta-positive cells in each
condition under x200. (D) The expression of ZEB2 and nestin in U87 glioblastoma xenograft tumors in response to antiangiogenic
therapy. Xenografts tissue was stained with anti-ZEB2 (green) and anti-nestin (red) antibodies as described in “Materials and Methods."
The bar graph represents the percentage of ZEB2-positive cells for each treatment condition under x200.

Some antiangiogenic agents have been shown to
promote tumor growth and metastasis.>*** Although
multiple mechanisms may be at work, it is possible
that induction of hypoxia promotes a mesenchymal
phenotype. Recently, sunitinib was shown to promote
mesenchymal transformation in renal cell carcinoma,
and this effect appeared to be reversible.*® For the first
time, we demonstrate that chronic antiangiogenic
therapy can promote expression of mesenchymal
markers in glioma tumors in vivo, as demonstrated by
a loss of e-cadherin and an increase in vimentin,
smooth muscle actin, and ZEB2 expression. Loss of
e-cadherin decreases cell adhesion and can promote
cell invasion,®”*® as seen in these tumors. This phenom-
enon, potentially related to the induction of
hypoxia,*”* could underlie the enhanced invasiveness
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and significant resistance of tumors in patients receiving
chronic antiangiogenic therapy. Furthermore, our results
suggest that TGF-B is highly expressed in glioma follow-
ing treatment with antiangiogenic therapy, and this mes-
enchymal shift could be inhibited by TGF-$ inhibitors
such as LY2109761.

In summary, our results have many implications for
clinical practice. Anti-VEGF therapy appears to be
more effective than targeting VEGFR. We suggest that
one mechanism for the beneficial effect of antiangiogenic
therapy is its ability to disrupt recruitment of bone
marrow—derived cells to gliomas. This effect can be
transient if excessive pruning promotes tumor hypoxia.
Antiangiogenic therapy may promote tumor invasion
by switching gliomas to develop a mesenchymal pheno-
type and by selecting for glioma cells expressing stem cell
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markers. Our findings emphasize the need to better un-
derstand the mechanisms by which antiangiogenic
agents influence tumor progression and the obvious
need to target pathways involved in the development
of resistance, such as myeloid cells.
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