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The Effect of Sunitinib Treatment
in Human Melanoma Xenografts:

Associations with
Angiogenic Profiles'

Abstract

The effect of antiangiogenic agents targeting the vascular endothelial growth factor A (VEGF-A) pathway has been
reported to vary substantially in preclinical studies. The purpose of this study was to investigate the effect of
sunitinib treatment on tumor vasculature and oxygenation in melanoma xenografts with different angiogenic
profiles. A-07, U-25, D-12, or R-18 melanoma xenografts were grown in dorsal window chambers and given daily
treatments of sunitinib (40 mg/kg) or vehicle. Morphologic parameters of tumor vascular networks were assessed
from high-resolution transillumination images, and tumor blood supply times (BSTs) were assessed from first-pass
imaging movies. Tumor hypoxia was assessed with immunohistochemistry by using pimonidazole as hypoxia
marker, and the gene expression and the protein secretion rate of angiogenic factors were assessed by
quantitative polymerase chain reaction and enzyme-linked immunosorbent assay, respectively. The melanoma
lines differed substantially in the expression of VEGF-A, VEGF-C, and platelet-derived growth factor A. Sunitinib
treatment reduced vessel densities and induced hypoxia in all melanoma lines, and the magnitude of the effect
was associated with the gene expression and protein secretion rate of VEGF-A. Sunitinib treatment also increased
vessel segment lengths, reduced the number of small-diameter vessels, and inhibited growth-induced increases in
the diameter of surviving vessels but did not change BST. In conclusion, sunitinib treatment did not improve
vascular function but reduced vessel density and induced hypoxia in human melanoma xenografts. The magnitude
of the treatment-induced effect was associated with the VEGF-A expression of the melanoma lines.
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Introduction

Solid tumors need to develop vasculature that can supply the tumor cells
with oxygen and nutrients to grow beyond a few millimeters in size [1].
Tumor cells secrete several proteins that stimulate or inhibit
angiogenesis, and the rate of angiogenesis is given by the ratio between
these pro- and antiangiogenic factors [2]. Several strategies have been
developed to inhibit angiogenesis. These include monoclonal antibodies
that target proangiogenic factors or their receptors [3,4], tyrosine kinase
inhibitors that may inhibit multiple receptors [5], and endogenous or
exogeneous antiangiogenic factors [6].

There is substantial evidence that melanoma progression requires
induction of angiogenesis. Thus, the transition from the radial to the
vertical growth phase, which represents a worsening of prognosis, has
been shown to be dependent on neovascularization [7]. Moreover, the
probability of metastasis has been found to increase with increasing
microvessel density in the primary tumor [8]. Despite this, antiangio-
genic treatments have failed to prolong survival for patients with

malignant melanoma, and no antiangiogenic drug has been approved for
this group [9]. Currently, the effect of antiangiogenic treatments in
combination with conventonal chemotherapy or immunotherapy is
investigated for patients with malignant melanoma [9].
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The effect of conventional chemotherapy and immunotherapy can be
substantially affected by the tumor microenvironment. Hypoxic tumors
are more resistant to immunotherapy, and some form of chemotherapy
and poor blood supply can impair the uptake of therapeutic drugs
[10,11]. Antiangiogenic treatments have been shown to improve blood
supply and oxygenation in some preclinical studies [3,4] and to induce
hypoxia in others [12,13]. The reasons for these apparently opposite
effects on the tumor microenvironment are not well understood but may
have substantial impact on combination therapy [14]. It has been
suggested that antiangiogenic treatment only improves blood supply and
oxygenation for a short time period and that this time period may differ
for different tumor models [4]. However, it has also been suggested that
this beneficial effect does not occur in all tumor models [12].

Sunitinib is a tyrosine kinase inhibitor which targets several
receptors including vascular endothelial growth factor receptors 1 to 3
(VEGEFR-1, -2, and -3) and platelet-derived growth factor receptors o
and B (PDGFR-a and PDGFR-B) [5]. Sunitinib has been shown to
prolong survival for patients with imatinib-refractory gastrointestinal
stromal tumor; metastatic renal cell carcinoma; and progressive,
well-differentiated pancreatic neuroendocrine tumor and has been
approved by the US Food and Drug Administration for these
indications [15-17]. We are currently investigating the effect of
sunitinib treatment in preclinical models of malignant melanoma in
our laboratory [18,19]. In the current study, we investigated the effect
of sunitinib treatment in four melanoma models and measured the
expression and secretion rate of several angiogenic factors in the
models. The tumors were grown in dorsal window chambers in mice,
and the tumor vasculature was evaluated multiple times during
treatment by applying intravital microscopy techniques. We show
that sunitinib treatment reduced vessel density and induced hypoxia
in all melanoma models and that the magnitude of the effect was
associated with the expression and secretion rate of VEGF-A.

Materials and Methods

Tumor Model

A-07, U-25, D-12, and R-18 human melanoma cells transfected
with green fluorescence protein (GFP) obtained from our frozen stock
were used in the present experiments [20]. Window chambers were
surgically implanted in the dorsal skin fold of adult female BALB/c
nu/nu mice, and tumors were initiated by implanting multicellular
spheroids or tumor specimens with a diameter of 200 to 400 pm as
reported earlier [21]. The animal experiments were approved by the
Norwegian National Animal Research Authority and were done
according to the Interdisciplinary Principles and Guidelines for the
Use of Animals in Research, Marketing, and Education (New York
Academy of Sciences, New York, NY).

Anesthesia

Window chamber implantation and intravital microscopy examina-
tions were carried out with anesthetized mice. Fentanyl citrate (Janssen
Pharmaceutica, Beerse, Belgium), fluanisone (Janssen Pharmaceutica),
and midazolam (Hoffmann-La Roche, Basel, Switzerland) were
administered intraperitoneally in doses of 0.63 mg/kg, 20 mg/kg, and
10 mg/kg, respectively.

Sunitinib Treatment

Sunitinib L-malate (LC Laboratories, Woburn, MA) was dissolved
in hydrochloric acid (1.0 molar ratio of sunitinib), polysorbate 80
(0.5%; Sigma-Aldrich, Schnelldorf, Germany), polyethylene glycol
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300 (10%; Sigma-Aldrich), sodium hydroxide (to adjust pH to 3.5),
and sterile water. Mice were treated with 40 mg/kg/day sunitinib or
vehicle for 4 days by oral administration.

Intravital Microscopy

Mice with window chambers were fixed to the microscope stage
during intravital microscopy, and the body core temperature was kept at
37°C to 38°C by using a hot-air generator. Imaging was performed by
using an inverted fluorescence microscope (IX-71; Olympus, Munich,
Germany) and a black and white CCD camera (C9300-024;
Hamamatsu Photonics, Hamamatsu, Japan). Tumor vasculature was
visualized by using a x4 objective lens, transillumination, and filters for
green light, resulting in images with a pixel size of 3.7 x 3.7 umz. To
study the function of tumor vasculature, first-pass imaging movies were
recorded after a 0.2-ml bolus of 50 mg/ml of tetramethylrhodamine
isothiocyanate—labeled dextran (Sigma-Aldrich) with a molecular weight
of 155 kDa was injected into the lateral tail vein. First-pass imaging
movies were recorded at a frame rate of 22.3 frames per second by using a
x2 objective lens, resulting in a time resolution of 44.8 milliseconds and a
pixel size of 7.5 x 7.5 pm?.

Image Processing

Vessel density (i.e., total vessel length per mm? tumor area),
interstitial distance (i.e., the distance from a tumor pixel outside the
vascular mask to the nearest pixel within the vascular mask), and median
vessel diameter were computed from manually produced vascular masks
by applying algorithms implemented in MATLAB software (The
MathWorks, Natick, MA), as previously described [21]. Vessel segment
length (i.e., the distance between the branching points along the vessel)
was calculated from ~50 randomly selected vessel segments. Change in
vessel diameter was assessed by manually measuring the diameter of the
same vessel segments on subsequent days. Blood supply time (BST)
images were produced by assigning a BST value to each pixel of the
vascular masks [21]. The BST of a pixel was defined as the time
difference between the frame showing maximum fluorescence intensity
in the pixel and the frame showing maximum fluorescence intensity in
the main tumor supplying artery, as described in detail previously [22].
Tumor size (i.e., tumor area) was calculated from the number of pixels
showing GFP fluorescence.

Immunobistochemical Detection of Tumor Hypoxia and Pericytes

The tumors were resected immediately after the last intravital
microscopy examinations and fixed in phosphate-buffered 4%
paraformaldehyde. Pimonidazole [1-[(2-hydroxy-3-piperidinyl)-propyl]-
2-nitroimidazole] was administered as described previously and used as
hypoxia marker [23], and a-smooth muscle actin (0-SMA) was used as
marker for pericytes. Immunohistochemistry was done by using a
peroxidase-based indirect staining method [23]. An antipimonidazole
rabbit polyclonal antibody (gift from Prof. J.A. Raleigh, Department of
Radiation Oncology, University of North Carolina School of Medicine,
Chapel Hill, NC) or an anti-a-SMA rabbit polyclonal antibody
(Abcam, Cambridge, United Kingdom) was used as primary antibody,
diaminobenzidine was used as chromogen, and hematoxylin was
used for counterstaining. Hypoxic area fractions were determined by
image analysis.

Quantitative Polymerase Chain Reaction (PCR)

RNA isolation, cDNA synthesis, and quantitative PCR were
performed as described in detail previously for cells in culture [24].
Briefly, gene expression was assessed by using the RT? Profiler PCR
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Figure 1. Untreated and sunitinib-treated tumors did not differ in
tumor size. Tumor size versus time for untreated and sunitinib-treated
A-07, U-25, D-12, and R-18 tumors. Columns, means of six to nine
tumors; bars, SEM. Significant differences in tumor size between
untreated and sunitinib-treated tumors were not found (P > .05).

Array Human Angiogenesis (PAHS-024A) from SABiosciences
(Frederick, MD). Real-time PCR was performed on an ABI
7900HT Fast Real-Time PCR instrument (Applied Biosystems, Carlsbad,

CA). Each tumor line was run in three biological replicates.

Glyceraldehyde-3-phosphate  dehydrogenase (GAPDH) and B-actin

Sunitinib

(ACTB) were used as normalization genes because these housckeeping
genes showed stable expression across the melanoma lines studied here.
Thus, each replicate Cr value was normalized to the mean Cr value of

GAPDH and ACTB (ACT _ C%ene of interest Ornean of GADPH and ACI"B)'

Enzyme-Linked Immunosorbent Assay (ELISA)

Medium samples from cell cultures in exponential growth were
collected 24 hours after change of medium. Commercial ELISA kits
(Quantikine; R&D Systems, Abingdon, United Kingdom) were used
according to the manufacturer's instructions to measure the concen-
tration of VEGF-A in the medium samples as described previously [25].

Statistical Analysis

Statistical comparisons of data were carried out by the Student's
¢ test when the data complied with the conditions of normality and
equal variance. Under other conditions, comparisons were done by
nonparametric analysis using the Mann-Whitney rank sum test.
Probability values of < .05, determined from two-sided tests, were
considered significant. The statistical analysis was performed by using
the SigmaStat statistical software (SPSS Science, Chicago, IL).

Results
Mice with tumors of similar size were given sunitinib treatment or
vehicle after the tumors had developed vascular networks. The tumors
were subjected to intravital microscopy before the treatment started (day
0) and twice during the treatment period (day 2 and 4), allowing
accurate measurement of tumor size at these time points. The
sunitinib-treated tumors did not differ from the untreated tumors in
size at any time point (P > .05; Figure 1), implying that any difference
between the tumor groups was not caused by differences in tumor size.
Figure 2 shows intravital microscopy images of the vasculature and
an immunohistochemical preparation of the imaged tissue stained for

Figure 2. Images of tumor vascular networks and hypoxia. Intravital microscopy images recorded before (day 0) and during treatment
(days 2 and 4), and immunohistochemical preparations of the imaged tissue stained for pimonidazole to visualize hypoxia (day 4). The
images show a representative untreated U-25 tumor (A) and a representative sunitinib-treated U-25 tumor (B). Tumor area is delineated by

a solid black line in intravital microscopy images. Scale bars, 1 mm.
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hypoxia. The images show a representative untreated U-25 tumor

(Figure 24) and a representative sunitinib-treated U-25 tumor
(Figure 2B). Similar images of representative A-07, D-12, and R-18
tumors are shown in Supplementary Figure S1. These images
illustrate that sunitinib treatment decreased vessel densities and
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induced hypoxia, and that hypoxic regions colocalized with regions
with low vascular density. Quantitative studies confirmed that
sunitinib-treated tumors showed significantly lower vessel densities
and significantly higher interstitial distances than untreated tumors
(P < .05; Figure 3, A and B). The sunitinib-induced decrease in
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Figure 3. Sunitinib treatment reduced vessel density and induced hypoxia. (A-D) Vessel density versus time (A), interstitial distance versus
time (B), and hypoxic fraction (C and D) in untreated and sunitinib-treated A-07, U-25, D-12, and R-18 tumors. Columns, means of six to nine
tumors (A and B); bars, SEM (A and B); points, individual tumors (C and D). Individual tumors from each tumor lines are shown in separate
panels (C) and pooled together (D). P values are indicated in the panels where statistical tests revealed significant or borderline significant
differences between untreated and sunitinib-treated tumors. (E) Hypoxic fraction versus vessel density and hypoxic fraction versus interstitial
distance for untreated and sunitinib-treated A-07, U-25, D-12, and R-18 tumors. Points, means of six to nine tumors; bars, SEM; lines, curves
fitted to the data by regression analysis. 2 and P value determined from regression analysis are indicated in the panels.
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vessel density was 53% for A-07 tumors, 26% for U-25 tumors, 19%
for D-12 tumors, and 17% for R-18 tumors. Sunitinib-treated
tumors showed higher hypoxic fractions than untreated tumors. This
difference was significant for A-07 and U-25 tumors (P = .035 and
P = .026, respectively; Figure 3C), borderline significant for D-12
and R-18 tumors (P = .13 and P = .14, respectively; Figure 3C), and
highly significant when A-07, U-25, D-12, and R-18 tumors were
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pooled together (P <.001; Figure 3D). Moreover, significant
correlations were found between hypoxic fraction and vessel density
(P = .041, R* = .61; Figure 3E) and between hypoxic fraction and
interstitial distance (P = .015, R* = .71; Figure 3E).

Sunitinib treatment also affected individual vessels. Sunitinib-treated
tumors showed significantly longer vessel segments than untreated
tumors (P < .05; Figure 44), and there was a trend towards increased
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Figure 4. The effect of sunitinib treatment on individual vessels. Vessel segment length (A), median vessel diameter (B), fraction of small
vessels (C), and vessel diameter (D) versus time for untreated and sunitinib-treated A-07, U-25, D-12, and R-18 tumors. Median vessel
diameter was calculated by including all vessels in the tumor vascular network (B). In addition, the same individual vessels were identified
on subsequent days, and the diameters of these were measured (D). These measurements show how the diameter changed in surviving
vessels. The fraction of small vessels refers to the fraction of vessels with diameter < 5 um (C). Columns, means of six to nine tumors;
bars, SEM. P values are indicated in the panels where statistical tests revealed significant or borderline significant differences between
untreated and sunitinib-treated tumors.
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median vessel diameter in sunitinib-treated A-07 and D-12 tumors
(P =.057 and P = .13, respectively; Figure 4B). Both selective
removal of small-diameter vessels and increases in the diameter of
remaining vessels may result in increased median vessel diameter.
The fraction of small-diameter vessels was reduced in sunitinib-treated
A-07 and D-12 tumors but was not changed in sunitinib-treated U-25
and R-18 tumors (Figure 4C). In untreated tumors, the diameter of
individual vessels increased during growth, whereas growth-induced
increases in vessel diameter were reduced or inhibited in sunitinib-treated
tumors (Figure 4D). Taken together, these observations suggest that
sunitinib treatment selectively removed small-diameter vessels in A-07
and D-12 tumors and reduced growth-induced diameter increases in the
surviving vessels in all tumor lines.

To investigate sunitinib-induced effects on vascular function,
first-pass imaging movies were recorded, and BST images and BST
frequency distributions were produced. A first-pass imaging movie of
a representative untreated U-25 tumor is shown in Supplementary
Movie 1. Figure 5, A and B, shows BST images and the corresponding
BST frequency distributions of a representative untreated U-25
tumor (Figure 54) and a representative sunitinib-treated U-25 tumor
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(Figure 5B). Similar images and frequency distributions of represen-
tative A-07, D-12, and R-18 tumors are presented in Supplementary
Figure S2. Sunitinib-treated tumors did not differ from untreated
tumors in BST on either day 2 or day 4 (P > .05; Figure 5C).
Histological preparations of the tumors were stained with o-SMA
to visualize pericytes. Sunitinib-treated tumors did not differ from
untreated tumors in pericyte coverage. This is illustrated in Figure 6,
which shows that both small- and large-diameter vessels were covered
with pericytes in A-07 tumors. The melanoma models generally
showed low levels of infiltrating immune cells, and these levels were
not increased in sunitinib-treated tumors. Differences in cell density
between untreated and sunitinib-treated tumors were not found.
The VEGEF-A gene expression and secretion rates were significantly
higher in the A-07 line than in the U-25, D-12, and R-18 line and
significantly higher in the U-25 line than in the D-12 and R-18 line
(P < .05; Figure 7, A and B). The VEGF-C gene expression was
significantly higher in the A-07 line than in the U-25, D-12, and R-18
line and significantly higher in the D-12 line than in the U-25 and R-18
line (P <.05; Figure 7C). The PDGFA gene expression was
significantly higher in the D-12 line than in the A-07, U-25, and
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Figure 5. Sunitinib treatment did not affect BST. (A and B) BST images and the corresponding BST frequency distributions from days 2 and 4 of a
representative untreated U-25 tumor (A) and a representative sunitinib-treated U-25 tumor (B). Color bars, BST scale in seconds; scale bars,
1 mm; vertical lines, median BST. (C) BST versus time for untreated and sunitinib-treated A-07, U-25, D-12, and R-18 tumors. Columns, mean of
five to nine tumors; bars, SEM. Significant differences in BST between untreated and sunitinib-treated tumors were not found (P > .05).
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Figure 6. Immunohistochemical detection of pericytes. Immunohistochemical preparations stained with anti-a-SMA antibody of a
representative untreated A-07 tumor (left) and a representative sunitinib-treated A-07 tumor (right). Scale bars, 100 um.

R-18 line (P < .05; Figure 7D). The decrease in vessel density after
4 days of sunitinib treatment was calculated from Figure 3A. Significant
correlations were found between the sunitinib-induced decrease in
vessel density and VEGF-A gene expression and secretion rate (vessel
density decrease versus VEGF-A gene expression: P = .023, R* = .96,

Figure 7E; vessel density decrease versus VEGF-A secretion rate: P =
011, R? = .99, Figure 7F). A-07 tumors showed the largest decrease in
vessel density and the highest VEGF-C gene expression; however, when
all tumor lines were considered, significant correlations between the
sunitinib-induced decrease in vessel density and VEGF-C gene
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Figure 7. The effect of sunitinib treatment was associated with the gene expression and secretion rate of VEGF-A. (A-D) Normalized gene
expression of VEGF-A (A), VEGF-C (C), and PDGFA (D), and protein secretion rate of VEGF-A (B) in the A-07, U-25, D-12, and R-18 cell line.
Gene expression was measured with quantitative PCR, normalized to the mean expression of two housekeeping genes (GAPDH and
ACTB), and multiplied with 1000. Protein secretion rates were measured with ELISA. Columns, mean of three (PCR) or five (ELISA)
independent experiments; bars, SEM. (E-H) Vessel density decrease versus normalized gene expression of VEGF-A (E), VEGF-C (G), or
PDGFA (H), and vessel density decrease versus protein secretion rate of VEGF-A (F). The vessel density decrease refers to the relative
decrease in vessel density in sunitinib-treated tumors compared to untreated tumors and was calculated from Figure 3A ([VDsun, day 4 —
VDsun, day 0J/VDsun, day 0 = [VDven, day 4 — VDven, day 0//VDven. day 0)- Lines, curves fitted to the data by regression analysis. R? and P values
determined from regression analysis are indicated in the panels where statistical tests revealed significant correlations.
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expression were not found (P > .05; Figure 7G). The sunitinib-induced
decrease in vessel density was not correlated with PDGFA gene
expression (P > .05; Figure 7H).

Discussion

The window chamber preparation is particularly well suited for
evaluating treatment-induced effects on tumor vasculature because both
the morphology and function of tumor vasculature can be studied
repetitively by using intravital microscopy techniques [26,27]. In
addition, the imaged tissue can be prepared and stained for hypoxia by
immunohistochemistry, allowing detailed comparison of the tumor
vasculature with the extent and localization of hypoxic regions.

Sunitinib treatment reduced vascular density and induced hypoxia
in human melanoma xenografts. The treatment-induced increase in
hypoxic fraction was probably a result of reduced oxygen supply
caused by decreased vessel density. Thus, a significant correlation was
found between hypoxic fraction and vessel density, and hypoxic
regions colocalized with regions with low vascular density in
sunitinib-treated tumors.

The magnitude of the sunitinib-induced effect differed among the
four melanoma lines included in the study. The expression and
secretion rate of VEGF-A also differed among the melanoma lines, and
the treatment-induced decrease in vessel density was correlated with
VEGEF-A. VEGF-A induces angiogenesis by binding to VEGFR-2 on
blood vessel endothelial cells [28], suggesting that inhibition of
VEGFR-2 is important for the antiangiogenic effect observed in these
melanoma lines. The melanoma lines also differed in the expression of
VEGEF-C and PDGFA. VEGF-C mainly induces lymphangiogenesis by
binding to VEGFR-3 on lymph vessels, and the expression of PDGFA
was not correlated to the sunitinib-induced decrease in vessel density.
Taken together, these results suggest that the antiangiogenic effect
observed in these melanoma lines was caused mainly by inhibition of
VEGFR-2 rather than inhibition of VEGFR-3 and PDGFRs. This
suggestion implies that melanoma patients with high VEGF-A—
expressing tumors are more likely to respond to sunitinib treatment
than patients with low VEGF-A—expressing tumors. Predictive
biomarkers were searched for in a clinical phase II study investigating
the effect of sunitinib treatment in unselected patients with advanced
melanoma [29]. In this study, significant correlations between tumor
response and baseline plasma levels of VEGF-A, VEGFR-1, or
VEGFR-2 were not found. However, the number of samples included
in the study were low, and the authors concluded that further study of
these biomarkers remains of interest.

The current study suggests that some vessels were more affected by
sunitinib treatment than others. Thus sunitinib-treated A-07 and
D-12 tumors showed reduced fractions of small-diameter vessels, and
sunitinib-treated tumors from all melanoma lines showed longer
vessel segments. This observation is consistent with several studies
reporting that antiangiogenic agents selectively remove immature
blood vessels [12,13,30]. Changes in vascular morphology may affect
the geometric resistance to blood flow. When laminar flow through a
circular tube is assumed, the geometric resistance in a single vessel is
proportional to the vessel length and inversely proportional to the
vessel diameter to the fourth power [31]. We report that sunitinib
treatment removed small-diameter vessels, inhibited growth-induced
increases in the diameter of remaining vessels, and increased vessel
segment lengths. Removal of small-diameter vessels is expected to
reduce the geometric resistance, whereas inhibition of growth-
induced increases in vessel diameters and increased vessel segment
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lengths are expected to increase the geometric resistance. Consistent
with the opposing effects on geometric resistance, sunitinib treatment
did not affect vascular function in these melanoma lines.

Sunitinib and other antiangiogenic treatments have improved
vascular function in some experimental studies [4,30,32]. In these
studies, the treatments have selectively removed immature vasculature
and remodeled remaining vessels. Together, these have resulted in more
efficient vessel networks, and as a consequence, increased blood flow
velocities, increased blood perfusion, and increased oxygenation have
been reported [4,30,32,33]. These effects have collectively been labeled
vascular normalization and have been reported to occur within a short
time period [34]. It has been argued that appropriate timing and low
doses are required to observe vascular normalization because the
beneficial effects on vascular function may be balanced by severe
vascular regression after prolonged treatment or if the antiangiogenic
treatment dose is too large [4,34]. Vascular function was assessed on day
2 and 4 in the present study. These time points correspond well to the
time period where vascular normalization has been observed following
treatment with bevacizumab (day 1-4), DC101 (day 2-5), and sunitinib
(day 2-6) in other tumor models [4,30,32]. Moreover, both the same
(40 mg/kg) and higher sunitinib doses (100 mg/kg) have been shown to
improve vascular function in models of glioblastoma and renal cell
carcinoma [32,35]. It is thus unlikely that improved vascular function
could have been observed at other time points or by using smaller
sunitinib doses in these melanoma models. Our study rather implies
that, in some tumor models, sunitinib treatment does not improve
vascular function. Similar observations have been made with
bevacizumab and DC101 treatment [12,306].

Currently, clinical trials are evaluating whether antiangiogenic
treatment in combination with immunotherapy or chemotherapy can
improve survival for patients with malignant melanoma [9]. The
rationale for combining antiangiogenic treatment with immunotherapy
is that VEGF-A poses immunosuppressive effects in tumors [37].
Accordingly, it has been demonstrated that inhibition of VEGF-A/
VEGFR-2 can increase the effect of immunotherapy in preclinical
models [38]. However, it has also been reported that tumor hypoxia
induces immunosuppression, suggesting that antiangiogenic treatment
may reduce the effect of immunotherapy if the antiangiogenic treatment
induces hypoxia [11,39]. Hypoxia also reduces the effect of ionizing
radiation and some forms of chemotherapy, suggesting that neoadjuvant
antiangiogenic treatment may reduce the effect of these treatment
modalities if the antiangiogenic treatment induces hypoxia [10,14,40].
In contrast, it has been demonstrated that antiangiogenic treatments
increase the effect of immunotherapy, chemotherapy, and ionizing
radiation in tumor models where the antiangiogenic agents normalize
the tumor vasculature and increase tumor oxygenation [3,30,41].
Antiangiogenic treatment may also affect the uptake of therapeutic
drugs. Thus, impaired blood supply reduces the delivery of therapeutic
drugs, whereas improved vascular function has been demonstrated to
increase the uptake of chemotherapeutic drugs [3].

The current study demonstrates that sunitinib treatment reduces
vessel density and induces hypoxia in four melanoma models with
different angiogenic profile. This observation suggests that sunitinib
treatment will induce hypoxia also in some patients with malignant
melanoma and that neoadjuvant sunitinib treatment may decrease the
effect of immunotherapy and conventional chemotherapy in such
patients. However, our study does not exclude the possibility that
sunitinib treatment may normalize tumor vasculature and increase
oxygenation in some other melanoma patients and does not exclude the
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possibility that treatment targeting other angiogenic pathways may
increase oxygenation in tumors where sunitinib treatment induces
hypoxia. Whether it is possible to predict if a specific antiangiogenic
agent can increase oxygenation in individual tumors is not known. The
effect of antiangjogenic treatment should thus be monitored closely if
antiangiogenic treatment is considered as neoadjuvant therapy. We
have previously demonstrated that dynamic contrast-enhanced and
diffusion-weighted magnetic resonance imaging is sensitive to changes
in the tumor microenvironment induced by sunitinib and bevacizumab
treatment, suggesting that these noninvasive imaging techniques may be
used to monitor the effect of antiangiogenic treatment [18,36].

The 4-day treatment period applied in the present study did not
affect tumor growth. Treatment-induced reductions in vessel densities
are expected to reduce tumor growth, but effects of antiangiogenic drugs
on tumor size generally occur late [42]. In line with this, we have
previously shown that short treatment periods with sunitinib (4 days)
do not affect tumor growth, whereas prolonged treatment periods
(8 days) reduce tumor growth rate in melanoma xenografts [19].

We have previously shown that hypoxia promotes invasive growth,
and spontaneous lymph node and pulmonary metastasis in the
melanoma models included in the current study [43—45]. One could
thus speculate whether sunitinib-induced hypoxia may promote
metastatic spread in these melanoma models. In accordance with this
speculation, accelerated metastasis has been reported by others after
sunitinib treatment in preclinical models [46-48]. However,
sunitinib treatment may also inhibit metastatic growth by inhibiting
angiogenesis at distant sites, and consequently, patients may benefit
from sunitinib treatment after local tumor control has been achieved.

In summary, antiangiogenic agents have been reported to improve
blood supply and oxygenation in some preclinical studies and to induce
hypoxia in others. In the current study, sunitinib treatment reduced
vessel density and induced hypoxia in human melanoma xenografts,
and the magnitude of the effect was associated with the expression and
secretion rate of VEGE-A. Our study suggests that sunitinib treatment
will reduce vessel density and induce hypoxia also in some patients with
malignant melanoma and that melanoma patients with high VEGF-A—
expressing tumors are more likely to respond to sunitinib treatment
than melanoma patients with low VEGF-A—expressing tumors.

Supplementary data to this article can be found online at htep://dx.
doi.org/10.1016/j.tranon.2016.12.007.
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