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Abstract

The purpose of this study was dual: to investigate (a) whether sunitinib may induce changes in tumor
microvasculature and hypoxia in pancreatic ductal adenocarcinoma (PDAC) and (b) whether any changes can be
detected by DCE-MRI. Sunitinib-treated and untreated control tumors of two PDAC xenograft models (BxPC-3 and
Panc-1) were subjected to DCE-MRI before the imaged tumors were prepared for quantitative analysis of
immunohistochemical preparations. Pimonidazole was used as a hypoxia marker, and fraction of hypoxic tissue
(HFpim), density of CD31-positive microvessels (MVDcps1), and density of aSMA-positive microvessels (MVDgswma)
were measured. Parametric images of K" and v, were derived from the DCE-MRI data by using the Tofts
pharmacokinetic model. BxPC-3 tumors showed increased HFp;,,, decreased MVD¢psq, unchanged MVDgsma, and
increased vessel maturation index (VM| = MVDgspma/MVDcepsq) after sunitinib treatment. The increase in VMI was
seen because sunitinib induced selective pruning rather than maturation of aSMA-negative microvessels. Even
though the microvessels in sunitinib-treated tumors were less abnormal than those in untreated tumors, this
microvessel normalization did not improve the function of the microvascular network or normalize the tumor
microenvironment. In Panc-1 tumors, HFpin, MVDcps1, MVDgsma, and VMI were unchanged after sunitinib
treatment. Median K" increased with increasing MVDcps; and decreased with increasing HFpim, and the
correlations were similar for treated and untreated BXPC-3 and Panc-1 tumors. These observations suggest that
sunitinib may induce significant changes in the microenvironment of PDACs, and furthermore, that K""* may be
an adequate measure of tumor vascular density and hypoxia in untreated as well as sunitinib-treated PDACs.
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In 1971, Judah Folkman proposed that antiangiogenesis would be
important in the therapy of cancer [1], and in 1990, he provided
significant evidence that tumor growth is angiogenesis dependent [2].
The pioneering work of Folkman created strong interest in tumor
angiogenesis and antiangiogenic treatment of cancer, and today,
antiangiogenic therapy is considered to be a promising cancer
treatment modality [3]. Several molecular pathways promoting tumor
angiogenesis have been identified, including the interleukin-8 (IL-8)/
nuclear factor-kB (NF-«B) pathway, the angiopoietin (ANGPT)/
tyrosine kinase with immunoglobulin-like and epidermal growth
factor-like domains (TIE) pathway, and the vascular endothelial
growth factor (VEGF)/VEGF receptor (VEGF-R) pathway [4,5].
The VEGF/VEGF-R pathway seems to be the most important

hypoxic fraction; IL-8/NF-kB, interleukin-8/nuclear factor-kB; K™, volume transfer constant
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TE, echo time; TR, repetition time; v, fractional distribution volume; VEGF/VEGF-R, vascular
endothelial growth factor/ VEGF-receptor
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pathway, and many therapeutic drugs targeting this pathway have
been developed, including the antibody bevacizumab and the tyrosine
kinase inhibitors sorafenib and sunitinib [5,6]. A large number of
clinical studies have been conducted, and it has been revealed that
antiangiogenic therapy may not have a future as monotherapy, but
used in combination with conventional chemotherapy or radiation
therapy, antiangiogenic drugs may be important in the treatment of a
large number of malignant diseases [5,7].

However, many factors limiting the effect of antiangiogenic drugs
have been identified, one of which is the impact on the
physicochemical microenvironment of tumors, particularly tumor
oxygenation. This is a controversial issue, as some investigations
suggest that antiangiogenic therapy may cause excessive vessel
pruning leading to increased tumor hypoxia, whereas other
investigations provide evidence that antiangiogenic therapy may
lead to vessel normalization, increased perfusion, and improved
tumor oxygenation [8,9]. Improved tumor oxygenation may decrease
tumor aggressiveness and increase the effect of radiation therapy,
immunotherapy, and some forms of chemotherapy, whereas elevated
tumor hypoxia may impair the effects of most treatment modalities
and promote tumor cell dissemination, invasion, and metastatic
growth [10,11]. Importantly, it has been demonstrated that
inhibition of the VEGF/VEGF-R pathway may increase the
invasiveness and augment the metastatic potential of experimental
tumors [12,13].

Noninvasive methods are needed to monitor the effect of
antiangiogenic therapy on tumor oxygenation, and it has been suggested
that physiological magnetic resonance imaging (MRI) may provide
relevant parametric images [14-16]. This suggestion is supported by
some preclinical studies that have compared the effect of antiangiogenic
therapy on MRI-derived tumor parameters with that on tumor
microenvironmental parameters assessed by invasive methods. Thus, it
has been shown that multiparametric MRI, susceptibility contrast MRI,
and MRI methods making use of ultrasmall superparamagnetic iron
oxide particles as contrast agent may provide valid information on
microvascular changes induced by antiangiogenic drugs [17-20].
However, similar studies examining the potential usefulness of
established clinical MRI methods are sparse [21,22].

In our laboratory, studies of orthotopic A-07 melanoma xenografts —
tumors that show a microenvironment characterized by highly
permeable blood vessels and limited amounts of extracellular matrix
components — have suggested that dynamic contrast-enhanced (DCE)-
MRI is a potentially useful method for monitoring sunitinib-induced
changes in tumor hypoxia [22]. This possibility was challenged in the
study reported here by using pancreatic ductal adenocarcinoma
(PDAC) xenografts as tumor models. The microenvironment of
PDAC: is characterized by an abundant desmoplastic stroma that may
occupy large fractions of the tumor volume [23], and a dense
extracellular matrix and poorly permeable blood vessels are important
hallmarks of this stroma [24—26].

The purpose of this study was to investigate whether sunitinib can
induce significant changes in the physicochemical microenvironment
of PDAC xenografts, and furthermore, whether any changes can be
detected by DCE-MRI. Tumors of two PDAC models (BxPC-3 and
Panc-1) were included in the study. These models were selected
because they differ substantially in tumor growth rate, differentiation,
extracellular matrix distribution, angiogenic activity, microvascular
density, and fraction of hypoxic tissue [27]. Sunitinib-induced
changes in tumor microvasculature and hypoxia were assessed by

quantitative analysis of histological preparations, and to investigate
whether DCE-MRI is sensitive to sunitinib-induced changes,
parametric images derived by pharmacokinetic analysis of DCE-
MRI series were compared with the histological data.

Materials and Methods

Tumor Models

BxPC-3 and Panc-1 (American Type Culture Collection, VA,
USA) human PDAC xenografts grown in adult (8-12 weeks of age)
female BALB/c nu/nu mice were used as tumor models. Tumors were
initiated from cells cultured in RPMI-1640 (25 mmol/l HEPES and
L-glutamine) medium supplemented with 13% bovine calf serum,
250 mg/l penicillin, and 50 mg/l streptomycin. Approximately
2.5 x 10° cells in 25 pl of Hanks' balanced salt solution were
inoculated intramuscularly in the left hind leg, and tumors were
included in MRI experiments when having grown to a volume of
50-1200 mm”.

Sunitinib Treatment

Sunitinib L-malate (LC Laboratories, Woburn, MA, USA) was
dissolved in hydrochloric acid (1.0 molar ratio of sunitinib).
Polysorbate 80 (0.5%; Sigma-Aldrich, Schnelldorf, Germany),
polyethylene Glycol 300 (10%; Sigma Aldrich), sodium hydroxide
to adjust to a pH of 3.5, and sterile water were added to the solution.
Tumor-bearing mice were treated orally with sunitinib (40 mg/kg/
day) or vehicle for 4 days.

Magnetic Resonance Imaging

MRI was carried out by using a Bruker Biospec 7.05-T bore
magnet and a mouse quadrature volume coil (Bruker Biospin,
Ettlingen, Germany). The tumors were positioned in the isocenter
of the magnet and were imaged with axial slices covering the entire
volume. The mice were given gas anesthesia (-4.0% Sevofluran in
Oy; Baxter, IL, USA) at a flow rate of 0.5 I/min during imaging.
Respiration rate and body core temperature were monitored
continuously by using an abdominal pressure sensitive probe and
a rectal temperature probe (Small Animal Instruments, New York,
NY, USA). The body core temperature was kept at 37 °C by
automated hot air flow regulation, and the gas anesthesia was
adjusted manually to maintain a stable respiration rate.

DCE-MRI with Gd-DOTA (Dotarem, Guerbet, Paris, France) as
contrast agent was performed as described earlier [27]. Anatomical 75-
weighted images were obtained prior to DCE-MRI by using a fast spin
echo pulse sequence (RARE) with a repetition time (TR) of 2500 ms, an
echo time (TE) of 35 ms, an image matrix of 128 x 128, a field of view
(FOV) of 3 x 3 cm?, aslice thickness of 0.7 mm, a slice gap 0of 0.3 mm, 2
averages, and fat suppression. A fast spin echo pulse sequence (RARE)
with TRs of 200, 400, 800, 1500, 3000, and 5000 ms, TE of 8.5 ms, an
image matrix of 128 x 128,a FOV of 3 x 3 cm?, a slice thickness of 0.7
mm, and a slice gap of 0.3 mm was used to measure precontrast 7;-values
(T1o-map). Gd-DOTA was diluted to a final concentration of 0.06 M
and administered in the tail vein in a bolus dose of 5.0 ml/kg body weight
during a period of 5 s by using an automated infusion pump (Harvard
Apparatus, Holliston, MA, USA). A 3D SPGR pulse sequence (3D-
FLASH) with a TR of 10 ms, a TE of 2.07 ms, a flip angle (o) of 20°, an
image matrix of 128 x 128 x 10,andaFOVof3 x 3 x 1 cm”® was used
to produce postcontrast 7;-weighted images at a temporal resolution of
14.8 s.
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