
Abstract. Background/Aim: The clinical response rate of
prostate cancer to tyrosine kinase inhibitor (TKI) monotherapy
is low. The mechanisms of resistance to TKI are unclear. This
study aimed to examine if the tumor microenvironment (TME)
is involved in the resistance. Materials and Methods: The anti-
vascular effect of Sutent was examined by immunofluorescent
staining in TRAMP-C1 tumor. The percentage of CD11b+

population were analyzed by flow cytometry. The level of
cytokines and chemokines were measured by multiplex
immunoassay. Results: The Sutent monotherapy caused 1.5
days of tumor growth delay, chronic hypoxia, and more mature
vasculature. Sutent monotherapy increased the percentage of
polymorphonuclear myeloid-derived suppressor cells
(MDSCs) in peripheral blood. The evolved TME triggered the

re-distribution of myeloid cells in chronically hypoxic areas.
The multiplex immunoassay indicated higher levels of several
cytokines and chemokines both in tumors and the blood.
Conclusion: Sunitinib treatment induced a distinct tumor
microenvironment that impaired the efficient reduction of
MDSCs by TKI.

The family of receptor tyrosine kinases (RTK) regulates
physiological signaling in normal cells as well as oncological
progression in cancer cells (1). In the past decades, many
drugs, such as antibodies and small molecules, have been
developed to target RTK for cancer therapy (2, 3). Sunitinib
(SU11248, is known as Sutent has been developed by Pfizer)
is a multi-target tyrosine kinase inhibitor (TKI) that has been
shown to target vascular endothelial growth factor (VEGF),
platelet-derived growth factor (PDGF), stem cell growth
factor (SCF, c-kit), etc. (4, 5), and has been approved for
renal cell carcinoma (RCC), the neuroendocrine tumor of the
pancreas, and as second-line treatment for gastrointestinal
stromal tumors (GIST). Many studies have demonstrated that
the combination of TKI with other treatment modalities, such
as radiotherapy and immunotherapy, could improve tumor
control (6-10). However, the response rate and the efficacy
of TKI monotherapy for prostate cancer (7, 11) and other
tumor types (5, 12) has been low in preclinical and clinical
trials. The dominating mechanisms for the resistance of these
cancer types to TKI treatment are still unclear.

The tumor microenvironment plays an essential role in
tumor response to treatments, and TKI treatment has been
shown to remodel it through its effect on the vascular
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network or the immune system. Many previous studies have
shown that sunitinib and other TKI could disrupt
angiogenesis by targeting vascular-associated pathways,
including VEGF and PDGF. Furthermore, the concept of
“vessel normalization” has been introduced to explain why
the tumor response could be improved by a combination of
an anti-vascular drug with other intervention modalities (13-
16). However, the continuous administration of TKI or anti-
VEGF therapy could induce a more hypoxic
microenvironment that disturbs the efficiency of drug
delivery and provides a niche for tumor cells (17-19).
Consequently, the chronological observation of the vascular
response within TKI- or anti-VEGF-treated tumor will
indicate the window of investigating extrinsic drug-resistance. 

In addition to the vascular response, the CD11b+ myeloid
lineages, which comprise tumor-associated macrophages
(TAMs), tumor-associated neutrophils (TANs), and myeloid-
derived suppressor cells (MDSCs), also play important roles
in tumor progression and response to treatment and
progression (20-22). TAMs are abundant in many types of
tumors and might assist tumor cells in developing resistance
to TKI treatment. A previous study has suggested that the
activation of CCAAT/enhancer-binding protein-beta (C/EBPβ)
factors could polarize TAMs toward the M2 type, which
supports GIST progression despite TKI treatment (23).
Recruitment of bv8-dependent CD11b+Gr-1+ cells into tumors
has also been shown to be the predominant factor for the
resistance to anti-VEGF treatment (24, 25). Recently, sunitinib
therapy was introduced as an immunomodulator to reduce the
quantity of MDSCs in animal models (26) and patients (27,
28). This reduction of MDSCs by sunitinib could consequently
improve immunotherapy and be beneficial in combination
with other tumor intervention protocols. A previous study has
suggested that tumor resistance to sunitinib might be attributed
to the inefficiency of reducing MDSCs (29). Therefore,
studying the responses of myeloid lineage in TKI-treated
tumors could be crucial for understanding the mechanism of
resistance to TKI treatment. 

In this study, we verified the changes of the tumor
microenvironment following treatment of the murine prostate
tumor model TRAMP-C1 with Sutent. Surprisingly, we
found that the abundance of MDSCs in TRAMP-C1 tumors
was unchanged after Sutent treatment, but was dramatically
increased in peripheral blood. The underlying mechanism for
maintenance of MDSCs’ frequency was attributed to the
increased levels of systemic cytokines and chemokines and
the mature vasculature of Sutent-treated tumor.

Materials and Methods
Cell line and tumor model. The murine prostate cancer cell line,
TRAMP-C1 (ATCC® CRL-2730™), was maintained in DMEM
medium containing 10% fetal bovine serum, 50 U/ml penicillin, 50

μg/ml streptomycin (Thermo Fisher Scientific, Gibco™, Waltham,
MA, USA), 5 μg/ml bovine insulin (Sigma-Aldrich, St. Louis, MO,
USA) and 10–8 M dehydroisoandrosterone. The TRAMP-C1 tumors
were generated by intramuscular injection into the legs of male
C57BL/6J mice (3×106 per mice). 

Sutent treatment. Sutent was prepared in PBS containing 0.4%
Tween-80 and 0.5% carboxyl methylcellulose (Sigma-Aldrich).
Tumor bearing mice were intraperitoneally injected with Sutent
(20mg/kg per day; Pfizer, New York, NY, USA) when tumor diameter
reached 4mm in average. All the animal experiments were approval
by the Institutional Animal Care and Use Committee in Chang Gung
University, Taiwan (IACUC approval No. CGU107-044).

Immunofluorescence staining. To detect hypoxic regions within
tumor, mice were intraperitoneally injected with the hypoxia
indicator pimonidazole (PIMO, 80 mg/kg; Hypoxyprobe™,
Burlington, MA, USA), 1 hour prior to sacrifice. Tumors were
frozen in optimal cutting temperature compound (Tissue-Tek,
SAKURA, Alphen aan den Rijn, the Netherlands) before
cryosectioning. Tumor sections were stained with specific primary
antibodies against rat anti-mouse CD31, hamster anti-mouse I-
CAM1 (BD Bioscience, San Jose, CA, USA), rabbit anti-mouse
CD31 (abcam, Cambridge, UK), mouse Mab-1 (Hypoxyprobe™,
Burlington, MA, USA), mouse anti-mouse α-smooth muscle actin
conjugated with FITC (Sigma-Aldrich), rat anti-mouse Ly6G
(BioLegend, San Diego, CA, USA), rabbit anti-mouse carbonic
anhydrase IX (CA9, Novus biologicals, Centennial, CO, USA), rat
anti-mouse CD68 and rabbit anti-mouse V-CAM1 (BIO-RAD,
Hercules, CA, USA). Primary antibodies were detected by
secondary antibodies conjugated with fluorescent dyes. The images
were acquired by ImageXpress® micro confocal high-content
system and analyzed by Image-Pro Plus 6.0 software
(MediaCybernetics, Rockville, MD, USA).

Flow cytometry analysis. The tumors were minced by a scalpel,
digested in PBS buffer containing dispase (Invitrogen, Waltham,
MA, USA) and DNase1 (Sigma-Aldrich) and subsequently filtered
through a 100 μm- and a 40 μm-pore cell strainer (BD Bioscience)
to obtain single cells. The blood samples were obtained by cardiac
puncture with EDTA-coated syringe. The cell suspensions from
digested tumors and blood samples were re-suspended in red blood
cell (RBC) lysis buffer (BioLegend). The cells were firstly blocked
with anti-mouse CD16/CD32 antibody (BD Biosciences) and then
labeled with specific antibodies: anti-mouse CD11b-percp cy5.5,
Ly6G-PE, Ly6C-FITC (BD Biosciences), CD68-alexa fluor700
(BIO-RAD) and CD206-APC (BioLegend). The stained cells were
analyzed by FACSCanto or FACSFortessa flow cytometer. Data was
acquired by BD FACSDiva™ software and analyzed by
FACSDiva™ and FlowJo.

ELISA and multiplex immunoassay. Whole blood samples obtained
from cardiac puncture were centrifuged to collect the plasma.
Tumors were excised, minced and suspended in tissue lysis buffer
(ebioscience, affymetrix, Santa Clara, CA, USA). After
homogenization, the tumor lysate was centrifuged to collect the
supernatant. Target proteins participating in myeloid cell recruitment
and inflammatory response were selected for the panel of multiplex
immunoassay: M-CSF, GM-CSF, G-CSF, CCL2, CCL3, CCL5,
CXCL5, IFN-γ, IL1α, IL1β, IL-6, IL17a, TNF-α, and VEGF-a. To
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analyze their levels, all samples were labeled with magnetic
microsphere by Procartaplex immunoassay kit and acquired data by
the Luminex 200 system instrument (ebioscience, affymetrix). The
protein levels of CXCL12 were quantified by the mouse quantikine
ELISA kit (R&D systems, Minneapolis, MN, USA).

Statistical analysis. The T-test or One-way ANOVA were used to
determine the statistical significance of differences and performed
using GraphPad Prism6 software. All the results are expressed as
the mean±SD with significance set at p<0.05.

Results

Sutent monotherapy decreased micro-vascular density and
subsequently delayed TRAMP-C1 tumor growth. We first
examined the efficacy of Sutent monotherapy in the
TRAMP-C1 tumor model. The mice were classified into the
control group injected with vehicle solution (abbreviated to
VE) and the experimental group treated with Sutent
(abbreviated to SU). The tumor growth curve showed that
the SU-treated mice had slower tumor growth than the VE
mice and the difference in volume was 30% decrease at day
7 (p=0.0253, Figure 1A); tumor growth delay was only 1.5
days. This data demonstrated that Sutent monotherapy could
significantly delay TRAMP-C1 tumor growth, but not to a
large extent.

Since TKI could target VEGF signaling and are regarded
as anti-vascular therapy, the decrease of micro-vascular
density (MVD) and the increase of hypoxia within tumors
are considered as indices to evaluate the efficacy of TKI
treatment. The tumor sections obtained from the VE and SU
groups were co-stained with CD31 and pimonidazole
(PIMO). The reconstituted images of the whole tumor are
shown in Figure 1B. In pre-treated tumors, only few hypoxic
regions were found in small size tumors (tumor diameter=4
mm), whereas many hypoxia regions associated with
vasculatures were found both in the post-2days vehicle-
treated (abbreviated to VE2D) and post-7days vehicle-treated
(VE7D) groups; this hypoxia could be acute/transient and the
result of “vascular inefficiency” (Figure 1C). In contrast,
tumors in the post-2days Sutent-treated (SU2D, size-matched
to VE2D group) and post-9days Sutent-treated (SU9D, size-
matched to VE7D group) groups had much lower MVD and
there was no vasculature in the hypoxic regions; this hypoxia
should be chronic and is caused by “vascular deficiency”.
The fluorescent image in Figure 1C also shows the formation
of small central necrosis (marked by star) within both acute
hypoxia in VE tumors and chronic hypoxia in size-matched
SU tumors. MVD, percentage of necrosis and hypoxia were
quantified from the reconstituted whole tumor images
(Figure 1D). Compared to size-matched VE tumors, the
administration of Sutent resulted in 45% decrease of the
MVD in both SU2D and SU9D tumors (p=0.0031 and
0.0165, respectively). Moreover, the percentage of chronic

hypoxia was concurrently increased in SU tumors (about 44-
fold increase in both the SU2D and the SU9D group,
p<0.001 and 0.0128, respectively). However, the percentage
of acute hypoxia and perceivable necrosis in VE and SU
tumors didn’t reach statistically significant difference. This
emerging data indicated that Sutent treatment could rapidly
impair tumor angiogenesis and induce higher percentage of
avascular chronic hypoxia in TRAMP-C1 tumors.

Sutent treatment has minor impact on recruitment of myeloid
cells into tumors but dramatically increased PMN-MDSCs in
peripheral blood. Circulating white blood cells could be used
to assess the immune response to treatment. Some studies
have indicated that the percentage of circulating MDSCs could
be a prognostic index in clinical patients (30, 31). Moreover,
many studies have revealed that Sutent treatment not only
decreases the recruitment of myeloid cells into tumors but also
the percentage of MDSCs in peripheral blood (26, 29, 32). We
next investigated whether the percentage and systemic
mobilization of myeloid cells was changed after TKI therapy
in the TRAMP-C1 model. The subpopulations of the myeloid
lineage were classified by flow cytometry analysis. The gating
strategy of CD11b+ myeloid cells in the tumor are shown in
Figure 2A. CD11b+ myeloid cells in the tumor were classified
into three subpopulations, including CD11b+Ly6G–Ly6C–
TAMs (symbol a), CD11b+Ly6G+Ly6C+ PMN-MDSCs
(symbol b) and CD11b+Ly6G–Ly6C+ TAMs/M-MDSCs
(symbol c). We further examined the expression of
conventional macrophage markers, such as CD68 and CD206
(mannose receptor, also known as pro-tumoral M2 marker),
for these CD11b+ subpopulations. Most of CD11b+Ly6G–
Ly6C– cells were double positive for CD68 and CD206
staining, which indicated that they belong to a TAM
subpopulation. A fraction of CD11b+Ly6G–Ly6C+ cells
expressed CD68 and/or CD206. In contrast, the
CD11b+Ly6G+Ly6C+ PMN-MDSCs lacked macrophage
markers. Moreover, we further utilized t-Distributed Stochastic
Neighbor Embedding (t-SNE) plot and showed the
heterogeneity of total CD11b+ myeloid cells in VE7D tumor
(Figure 2B). Moreover, the classification of the circulated
CD11b+ population in the blood could be also separated to
three groups (Figure 2C): CD11b+Ly6G+Ly6C+ PMN-MDSCs
(symbol d), CD11b+Ly6G–Ly6Chi M-MDSCs (symbol e) and
CD11b+Ly6G–Ly6C– resident monocytes (symbol f). 

The flow cytometry analysis showed that upon Sutent
treatment there was a trend to reduce the recruitment of
CD11b+ cells in SU tumors, but the difference did not reach
statistical significance compared with VE tumors (Figure
2D). This trend of decreased CD11b+ myeloid cells in SU
tumors was mainly attributed to reduced percentage in TAM
subpopulations (Figure 2E), not in PMN-MDSCs and M-
MDSCs (Figure 2F and 2G). Regarding the blood samples,
in addition to size-matched VE tumor-bearing mice, a non-
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Figure 1. Effect of Sutent monotherapy on tumor growth, MVD and the tumor microenvironment. (A) SU tumors had 1.5 days growth delay compared
to size-matched VE tumors, at day-7. (N=5 in vehicle group; N=8 in Sutent-treated group). (B) Reconstituted fluorescent images of whole tumors
in pre-treated, vehicle-treated group (VE) and Sutent-treated group (SU). (red:CD31. Green: pimonidazole; bar: 2 mm) (C) Representative
fluorescent images of CD31 and PIMO staining in VE and SU-treated tumors. Avascular chronically hypoxic region is observed in both SU2D and
SU9D tumors. (red: CD31, green: PIMO, star: central necrotic region; bar=100 μm) (D) Quantitative analysis from reconstituted whole tumor
sections to reflect changes in MVD, necrosis, acute hypoxic and chronically hypoxic regions in size-matched tumors (N=5 for all groups).
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Figure 2. The influence of Sutent monotherapy on the CD11b+ populations in tumors and peripheral blood. (A) The gating scheme showed that
tumor-associated CD11b+ myeloid cells could be classified into three subpopulations including CD11b+Ly6G+Ly6C+ PMN-MDSCs (symbol a),
CD11b+Ly6G–Ly6C+ M-MDSCs/TAMs (symbol b) and CD11b+Ly6G–Ly6C– TAMs (symbol c). These subpopulations were further examined by
macrophage markers, such as CD68 and CD206 (mannose receptor, also known as pro-tumoral M2 marker). (B) The t-distributed stochastic
neighbor embedding (tSNE) illustration showed the heterogeneity of total CD11b+ myeloid cells in VE7D tumors. (C) The gating scheme revealed
that the circulating CD11b+ myeloid cells in peripheral blood could be briefly classified into three subpopulations, such as CD11b+Ly6G+Ly6C+
PMN-MDSCs (symbol d), CD11b+Ly6G–Ly6Chi M-MDSCs (symbol e) and CD11b+Ly6G–Ly6C– monocytes (symbol f). The percentages of (D) total
CD11b+ cells, (E) CD11b+Ly6G–Ly6C– TAMs, (F) CD11b+Ly6G+Ly6C+ PMN-MDSCs and (G) CD11b+Ly6G–Ly6C+ TAMs/M-MDSC in tumors were
quantified by flow cytometry (N=5 in each group). The populations of (H) total CD11b+ cells, (I) CD11b+Ly6G–Ly6C– resident monocyte, (J)
CD11b+Ly6G+Ly6C+ PMN-MDSCs and (K) CD11b+Ly6G–Ly6C+ M-MDSCs, in blood samples were determined (N≥4 in each group).
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Figure 3. The re-distribution of CD68+ TAMs and Ly6G+ PMN-MDSCs around PIMO+ chronically hypoxic areas. Representative section of TRAMP-
C1 tumors stained for hypoxia, CD31, CA9, CD68 and Ly6G in (A) VE7D and (B) SU9D tumors (bar: 100 μm). (C) Quantitative comparison of
the Ly6G+ PMN-MDSCs population within the necrotic region in size-matched VE7D and SU9D tumors. (D) Quantitative comparison of CD68+
TAMs population within hypoxic regions in size-matched VE7D and SU9D tumors.



tumor bearing group was treated with the same daily dose of
Sutent as a reference group (abbreviated to SUw/oT group).
Interestingly, the trend of change in the percentage of
myeloid lineages in peripheral blood was not in agreement
with that in tumors (Figure 2H-K). In the SU2D tumor-
bearing group, the percentages of CD11b subpopulations
didn’t change. However, at the late stage of the SU9D tumor-
bearing group, the percentage of CD11b+ myeloid cells in
peripheral blood was significantly increased (Figure 2H),
which might result from the increase in PMN-MDSCs
(Figure 2J). This data indicated that in the Sutent-treated
mice the tumor microenvironment, which contained lower
MVD and was chronically hypoxic, didn’t impair the
recruitment of MDSCs, but dramatically facilitated the
expansion of PMN-MDSCs in peripheral blood.

CD11b+ myeloid cells were re-distributed around necrotic
regions in chronic hypoxia induced by Sutent treatment. The
response of myeloid cells in TKI-treated tumors could be
essential to the efficiency of subsequent therapeutic strategy.
We next investigated the spatial distribution of myeloid cells
such as CD68+ TAMs and Ly6G+ PMN-MDSCs within the
SU-treated tumors. The endogenous marker, carbonic
anhydrase 9 (CA9), was utilized to define the chronically
hypoxic region. In the consecutive tumor sections, the Ly6G+
PMN-MDSCs and CD68+ TAMs were randomly distributed
in acute/transient hypoxic region which was CA9-negative
(Figure 3A). Surprisingly, those myeloid cells were re-
distributed into different regions of the TME; CD68+ TAMS
aggregated at chronically hypoxic regions and Ly6G+ PMN-
MDSCs accumulated at necrotic regions, around CA9-
positive chronically hypoxic regions within SU-tumors
(Figure 3B). The quantitative data showed that the density
of Ly6G+ PMN-MDSCs (Figure 3C) accumulated at central
necrotic areas within Sutent-induced chronically hypoxic
regions was significantly increased from 5.3±0.95% to
34.5±4.43%. The density of CD68+ TAMs in chronically
hypoxic regions within SU tumors was higher than that in
acute hypoxic regions within VE tumors (p=0.024). This data
implied that Ly6G+ PMN-MDSCs and CD68+ TAMs, based
on their inherent characteristics, migrated to different
compartments of chronic hypoxic regions resulted from
Sutent treatment, and might play roles in tumor regrowth.

Sutent-treatment resulted in higher level of several
chemokines and cytokines both in the tumor and peripheral
blood. Since Sutent treatment didn’t impair recruitment of
MDSCs in TRAMP-C1 tumors and reversely increased their
percentage in peripheral blood, we hypothesized that this
effect could be related to the levels of cytokines and
chemokines released from the sunitinib-treated tumor. A
multiplex immunoassay was utilized to assay for the levels
of chemotaxis factors both in the tumor lysate and blood.

Quantification of the data is shown in Table I. Even though
the percentage of myeloid cells did not increase in SU
tumors, the levels of cytokines and chemokines such as
CCL2, CCL3, CCL5, CXCL5, M-CSF, GM-CSF, G-CSF, IL-
17a and VEGF-a, in SU tumors were significantly increased.
However, the levels of CXCL5, G-CSF, IL-1α and IL-6 were
increased in the blood. Only the levels of CXCL5 and G-
CSF were systemically increased both in SU tumors and
blood. Therefore, the Sutent monotherapy could induce the
expression of more cytokines and chemokines both in tumors
and peripheral blood.

Administration of Sutent improved endothelial coverage with
α-sma+ pericytes and increased the expression of adhesion
molecules on endothelial cells. Excessive levels of VEGF in
tumors could induce aberrant angiogenesis and cause acute
hypoxia. Since the anti-VEGF strategy inhibit redundant
vasculature formation, in addition to decreased MVD, vessel
normalization is, therefore, another index in TKI therapy. To
examine the vascular maturity, we examined the pericyte
coverage of CD31+ endothelial cells in Sutent-treated tumors.
The fluorescence images and quantification of this data
showed that the coverage of endothelial cells with α-sma+
pericyte (the percentage of CD31+α-sma+ pixels/CD31+
pixels) was significantly increased in SU tumors (Figure 4A
and B). Endothelial-derived adhesion molecules play a vital
role in leukocyte transmigration from the blood stream into
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Table I. Cytokine and chemokine protein levels in tumor lysate and
blood collected from SU9D tumor bearing mice. The levels of each
protein were normalized to those in the control group. The relative ratio
is shown as mean±SEM. (N≥3 in each group).

Name Tumor Blood

Relative ratio p-Value Relative ratio p-Value pg/ml#

CCL2 2.530±0.4682 0.0133* 2.188±0.9627 0.2742
CCL3 4.933±0.6420 0.0008* - - 1.478±1.425
CCL5 2.318±0.0819 0.0032* 1.358±0.5070 0.5417
CXCL5 3.369±0.9257 0.0289* 2.081±0.3741 0.0336*
CXCL12 0.957±0.0735 0.5407 1.267±0.0719 0.0748
M-CSF 1.443±0.1391 0.0406* 0.220±0.0959 0.0515
GM-CSF 5.233±0.3539 0.0002* 0.595±0.3860 0.5895
G-CSF 4.201±0.5659 0.0011* 38.50±6.901 0.0016*
IFN-γ 1.697±0.3294 0.1199 - - 0
IL-1α 0.889±0.0491 0.533 - - 7.913±1.892
IL-1β 0.850±0.0966 0.5367 - - 0
IL-6 1.051±0.1229 0.7759 - - 548.5±389.4
IL-17A 5.907±1.5270 0.0123* 0.800±0.2130 0.6329
TNF-α 1.118±0.1740 0.8314 7.704±4.524 0.1903
VEGFA 6.436±0.5744 <0.0001* 1.337±0.1827 0.1751

*Significant difference; -Non-determined, the levels of control group are
non-detected; #If the level of control group is non-detected, the absolute
value of protein level in the SU group would be shown at this column.



the tissues. Intercellular Adhesion Molecule 1 (ICAM-1, also
known as CD54) is one of the adhesion molecules on
endothelial cells and leukocytes. Interestingly, compared to
VE tumors, the percentage of ICAM-1+ endothelial cells was

increased in SU tumors (Figure 4C and 4D). Moreover, the
percentage of VCAM-1 (vascular cell adhesion protein 1,
another endothelial adhesion molecule also known as CD106)
positive endothelial cells was significantly increased (about
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Figure 4. Sutent monotherapy improved maturation of vasculature and expression of adhesion molecules associated with leukocyte transmigration.
The representative images of VE7D and SU9D tumors stained with CD31 (red) and (A) α-sma+, (C) ICAM-1, (E) VCAM-1 (green) (bar: 100 μm).
Quantitation of the data from fluorescent images showed increased expression of (B) α-sma+ (D) ICAM-1 (F) VCAM-1 on CD31+ endothelial cells
within Sutent-treated tumors.



15.6-fold, Figure 4E and 4F) in SU tumors. This fluorescence
image data, therefore, suggested that Sutent treatment not
only improved vasculature maturation but also increased the
expression of adhesion molecules on CD31+ endothelial cells.
This effect could improve the trafficking of MDSCs, which
compensated for the reduction of MDSCs by Sutent
treatment.

Discussion

In this study, we examined changes in the tumor
microenvironment after Sunitinib monotherapy in a murine
TRAMP-C1 prostate tumor model. Herein, we graphically
present the chronological response of a TRAMP-C1 tumor
model to Sutent treatment (Figure 5). Sutent monotherapy
could significantly decrease MVD and induce chronic
hypoxia in 2 days. The CD68+ TAMs and Ly6G+ PMN-
MDSCs re-distributed around chronically hypoxic regions
as a result of decreased MVD. The percentage of Ly6G+
PMN-MDSCs in peripheral blood was increased, which is
associated with the induction of cytokines, including G-CSF
and IL-6. Upon treatment with SU tumors acquired a mature
structure, and the coverage of endothelial cells with α-sma+
pericytes and expression of adhesion molecules, ICAM-1
and VCAM-1 were increased. Moreover, the Sutent-induced
hypoxic tumor microenvironment possessed a higher level
of several cytokines and chemokines, which were
chemotactic for MDSCs.

The anti-vascular effect is one of the essential
characteristics of TKI adjuvant therapy. Despite the reduction
of angiogenesis, the causal development of chronic hypoxia
is another critical issue that results in further radio- or
chemo-resistance in tumors. Regarding the molecular
signaling, hypoxia-induced factor-1α (HIF-1α) plays a
dominant role in tumor progression (33, 34). We found that
the levels of VEGF-a, a downstream factor of HIF-1α
signaling, in SU9D tumors, was significantly increased about
6-fold compared to the size-matched VE tumors. This effect
indicates a considerable activation of the HIF pathway,
which could promote tumor growth. It should be noted that
the percentage of total hypoxia (PIMO+ pixels) in the tumor
section didn’t significantly increase after Sutent treatment.
(p=0.4847, 19.76±5.48% in VE7D and 26.14±6.75% in
SU9D tumor, respectively). The increase in chronic hypoxia
caused by a vascular deficiency in SU tumors could be the
reason for the increase in VEGF levels. A recent review
indicated that the stabilization of HIF isoforms under
different types of hypoxia could further activate an adaptive
cellular mechanism (35), which might impact tumor control
by targeted therapy. 

Vasculature components, including endothelial cells,
pericytes, and vessel associated-extracellular matrix, provide
oxygen and nutrients to support tumor progression. Since

vascular-related receptor tyrosine kinases (RTK), such as
vascular endothelial growth factor receptor and platelet-
derived growth factor receptor, are potent targets for TKI,
the reduction of angiogenesis is a hallmark for TKI
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Figure 5. A graphical flow chart recapitulating the alterations of tumor
microenvironment after Sutent monotherapy. The Sutent treatment has
anti-vascular effects, which not only result in formation of chronic
hypoxic regions within the tumors, but also improves pericyte coverage
and adhesion molecules expression on the vasculature. Increasing levels
of CXCL5, G-CSF, IL-1α and IL-6 is correlated to PMN-MDSCs
expansion in blood. In addition, increased expression of several cytokines
and chemokines contributes to the maintenance of CD68+ TAMs and
Ly6G+ PMN-MDSC within the tumor microenvironment and induces their
redistribution around chronically hypoxic regions. These effects might
compensate for the reduction of MDSCs by Sutent treatment.



treatment. The essential concept of vessel normalization
upon anti-vascular therapy could promote subsequent
chemo- and radio-therapy (15). However, the use of anti-
vascular drugs and the best time window to apply chemo-
and radiotherapy is still a challenge for tumor intervention.
In this study, we found that TKI treatment not only deceased
MVD but significantly enhanced the coverage of endothelial
cells with α-sma+ pericytes, which indicated a mature (or
normalized) vasculature. In our previous work, TRAMP-C1
tumors inoculated at pre-irradiated tumor bed also showed
lower MVD. The CD31+ endothelial cells covered with α-
sma+ pericyte from the pre-irradiated tumor bed were highly
resistant to subsequent radiotherapy or Sutent therapy (36).
Interestingly, the formation of the mature vasculature was
based on endothelial progenitor cells, not resident
endothelial cells. Therefore, the formation of mature
vasculature in Sutent-treated tumors may also be triggered
by non-conventional angiogenesis, which needs further
investigation. In addition, other pathways, such as
angiopoietin receptors (also known as Tie receptors)
receptor tyrosine kinase, could also participate in vessel
formation. De Palma’s group has suggested that targeting
Tie2+ macrophages that facilitate angiogenesis via the
Ang2/Tie2 axis is effective for anti-VEGF resistant tumors
(37). Moreover, a previous study has demonstrated that
sunitinib or an anti-VEGF drug combined with a specific
targeting of Ang2 could significantly delay tumor growth
compared to individual monotherapy (38). Thus, the
combination of TKI with agents targeting alternative
pathways may overcome the resistance to TKI and be an
effective strategy.

In the TRAMP-C1 tumor model, Sutent treatment seems
less effective and the growth delay was only 1.5 days. The
failure of reducing MDSCs could be the reason for
resistance to Sutent treatment. MDSCs, known for their
inherent immunosuppressive role, could be a prognostic
factor in TKI treatment (39). We suggested that three
presumable effects associated with MDSCs might diminish
the efficiency of Sutent treatment: (I) The enhancement of
endothelial-associated adhesion molecules, such as ICAM-
1 and VCAM-1, that promotes leukocyte transmigration
from the blood into tumor tissue. (II) The higher levels of
pro-inflammatory factors and chemoattractants in the
Sutent-treated tumor microenvironment, which facilitates
the recruitment and expansion of MDSCs in tumors and in
the blood, respectively. (III) The increased levels of
chemokines, such as GM-CSF and IL-17a within SU-
treated tumors, and polarization of MDSCs to support
tumor progression. GM-CSF has been recognized as a
potential target, especially for the expansion and
polarization of MDSCs (29, 39). A previous study has
revealed that IL-17 signaling is a critical mediator of the
accumulation and education of MDSCs in anti-VEGF

therapy (40). Consequently, our data from the multiplex
immunoassay is consistent with those previous findings,
which indicated that these specific biomarkers could be an
index for assessing tumor response to TKI therapy.

In addition to increased numbers, we found that CD11b+
myeloid cells re-distribute around chronically hypoxic
regions induced by lower MVD within SU-treated tumors.
The CD68+ TAMs aggregated at chronically hypoxic areas
and the Ly6G+ PMN-MDSCs accumulated at central
necrotic areas inside the chronically hypoxic regions, which
indicates the dissemination of specific signals from dead (or
hypoxic) tumor cells within SU-treated tumors. In our
previous studies, similar re-distribution of CD68+ TAMs
(41) and Ly6G+ PMN-MDSCs (manuscript submitted)
around chronically hypoxic sites was also induced by a large
single dose of radiation in the TRAMP-C1 model. Some
studies have revealed that hypoxia could drive macrophages
toward the M2 type, which plays a vital role in tumor
growth (42). MDSCs are known to have an inherent
immunosuppressive function. The accumulated MDSCs in
necrotic regions within SU-treated tumors might disturb the
immunity of T cells, which need tumor cell debris to
stimulate the subsequent immune response. However, the
distinct re-distribution of CD11b+ myeloid cells within the
tumor is still unclear, and further investigations on myeloid
cells and the physiological status of the local niche are
needed.

We determined the chronological response of tumor
microenvironment following Sutent treatment. The anti-
vascular effect of TKI changed distinctly the tumor
microenvironment; the vasculature was normalized, the
myeloid cell lineage was re-distributed, the reduction of
MDSCs both in tumor and blood was inefficient and the
levels of cytokines and chemokines were increased. These
effects might result in therapeutic resistance to TKI in
prostate tumors.
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