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Abstract
Background: Association of drugs acting against different antiangiogenic mechanisms may increase therapeutic effect and reduce
resistance. Noninvasive monitoring of changes in the antiangiogenic response of individual tumors could guide selection and
administration of drug combinations. Noninvasive detection of early therapeutic response during dual, vertical targeting of the
vascular endothelial growth factor pathway was investigated in an ectopic subcutaneous xenograft model for human pancreatic
tumor. Methods: Dynamic contrast-enhanced ultrasound 12 MHz was used to monitor tumor-bearing Naval Medical Research
Institute mice beginning 15 days after tumor implantation. Mice received therapy from 15 to 29 days with sorafenib (N ¼ 9), ziv-
aflibercept (N¼ 11), combined antiangiogenic agents (N¼ 11), and placebo control (N¼ 14). Sorafenib (BAY 43-9006; Nexavar),
a multikinase inhibitor acting on Raf kinase and receptor tyrosine kinases—including vascular endothelial growth factor receptors
2 and 3—was administered daily (60 mg/kg, per os). Ziv-aflibercept (ZALTRAP), a high-affinity ligand trap blocking the activity of
vascular endothelial growth factor A, vascular endothelial growth factor B, and placental growth factor was administered twice
per week (40 mg/kg, intraperitoneally). Results: Functional evaluation with dynamic contrast-enhanced ultrasound indicated
stable tumor vascularization for the control group while revealing significant and sustained reduction after 1 day of therapy in the
combined group (P ¼ .007). There was no survival benefit or penalty due to drug combination. The functional progression-free
survival assessed with dynamic contrast-enhanced ultrasound was significantly higher for the 3 treated groups; whereas, the
progression-free survival based on tumor size did not discriminate therapeutic effect. Conclusions: Dynamic contrast-enhanced
ultrasound, therefore, presents strong potential to monitor microvascular modifications during antiangiogenic therapy, a key role
to monitoring antiangiogenic combining therapy to adapt dose range drug.
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Introduction

The development of tumor angiogenesis is correlated with the

tumor’s invasive potential.1 Several antiangiogenic agents

have been approved for cancer therapy in patients alone or

in combination with conventional therapies2-6 There are sev-

eral clinical treatments associating cytotoxic and antiangio-

genic drugs, such as bevacizumab and ziv-aflibercept for the

treatment of metastatic colonic adenocarcinoma4,5 or bevaci-

zumab with carboplatin and pemetrexed for the treatment of

patients with non-small cell lung cancer,6 with taxane and

carboplatin in breast and ovarian adenocarcinoma7,8 and

oxiplatin or irinotecan and/or 5-fluorouracil in colorectal ade-

nocarcinoma.4,9 However, it has been shown that the effec-

tiveness of antiangiogenic drugs is modest and short acting in

patients, with therapy resistance generally developing within

a few months.10 In particular, as tumors grow, they may adapt

to activate angiogenic pathways other than those blocked by

therapy.11,12 It has been suggested that the association of

drugs acting against different antiangiogenic mechanisms

may increase long-term therapeutic effect and reduce resis-

tance. An important potential risk of such combinations, how-

ever, is increased toxicity.13-17 There is, thus, a significant

need for information on individual response to therapy to

guide the choice of drug combinations and to determine the

effective tolerable dose.

Noninvasive monitoring techniques able to detect early

changes in the antiangiogenic response would provide a means

to tailor drug combinations based on individual patient response.

Although the response evaluation criteria in solid tumors

(RECIST) criteria has proven to be a useful end point in clinical

trials, it is based on tumor size regression and does not provide

information on perfusion modifications during antiangiogenic

therapy that precedes tumor size regression.18-20

Several studies have shown that antiangiogenic modifica-

tions can be detected earlier using dynamic contrast-enhanced

ultrasound (DCE-US) than with morphological criteria.19-21

Dynamic contrast-enhanced ultrasound is a well-accepted tech-

nique that can provide real-time imaging at the patient’s bed-

side. It is well tolerated and can be repeated often to monitor

therapeutic effect. It is currently used in clinical routine for the

characterization of focal liver lesions,22,23 to monitor antian-

giogenic effect during treatment of neoplasms,24 and in cardi-

ology.25 Studies have demonstrated that analysis of the contrast

enhancement in tumors together with information on tumor

growth can provide good indication of antiangiogenic therapy

effectiveness.19-21

This preclinical study in an ectopic subcutaneous xenograft

model for human pancreatic tumor assesses the capacity of

DCE-US to detect early therapeutic response during antian-

giogenic therapy. In particular, we assess the capacity to non-

invasively discriminate modifications in microvascular flow

during combined vertical blockade of the vascular endothelial

growth factor (VEGF) pathway with ziv-aflibercept and

sorafenib from those modifications occurring during

monotherapy with the 2 drugs.

Methods

Cell Culture

The MiaPaCa-2 human pancreatic adenocarcinoma cell line

was purchased from American Type Culture Collection

(ATCC, Manassas, Virginia). Cells were cultured with

McCoy 5A medium (PromoCell, Germany) supplemented with

10% (vol/vol) fetal calf serum, 2.5% (vol/vol) horse serum,

L-glutamine (4 mM), penicillin (100 units/mL), and streptomy-

cin (100 mg/mL). Cultures were incubated at 37�C in a 5% CO2

atmosphere humidified tissue culture incubator with twice

weekly medium changes. The cells were tested using the

Mycoalert method kit (Promo Cell, Heidelberg, Germany) for

the detection of mycoplasma in cell cultures to ensure the

absence of mycoplasmas.

Experiments were performed using cells in the 22nd and

23rd passage. MiaPaCa-2 cells were harvested by trypsin/

EDTA treatment (0.25%; wt/vol) phosphate-buffered saline

(PBS) trypsin solution supplemented with 1 mM EDTA. Tryp-

sin was inactivated by addition of excess supplemented culture

medium. Cells were collected by centrifugation, then sus-

pended again in sterile PBS 1� solution and held in suspension

at a concentration of 106 cells/mL for injection.

Subcutaneous Xenograft Model for Human Pancreatic
Tumor

MiaPaCa-2 cells were suspended in PBS, and 100 mL of the cell

suspension (1 � 106 cells/mL) were injected subcutaneously

into the flank of 6-week-old female nude mice (Naval Medical

Research Institute mice; Elevage Janvier, Le Genest-St-Isle,

France). Mice bearing tumors (27.8 + 20.9 mm3) were treated

from days 15 to 29 after tumor cell injection: twice weekly with

40 mg/kg of ziv-aflibercept in 0.1 mL physiological serum by

intraperitoneal (ip) injection26; daily with 60 mg/kg sorafenib

suspended in 0.1 mL Cremophor EL/ethanol (50:50; Sigma

Cremophor EL, 95% ethyl alcohol; Sigma-Aldrich, St Quentin

Fallavier, France) per os,27 both drugs or control HFc protein

10 mg/kg in 0.1 mL physiological serum, twice weekly ip and

0.1 mL Cremophor EL/ethanol daily per os.

Therapy

Two inhibitors of angiogenesis were used: ziv-aflibercept and

sorafenib (Figure 1). Ziv-aflibercept (Zaltrap, Sanofi and

Regeneron Pharmaceuticals, Inc., USA) has been developed

as part of a collaboration between Sanofi and Regeneron Phar-

maceuticals, Inc, (Zaltrap, Sanofi and Regeneron Pharmaceu-

ticals, Inc., USA) and is approved for treatment of metastatic

colorectal adenocarcinoma in combination with FOLFIRI

for patients who have recurred following treatment with

oxaliplatin.5 Ziv-aflibercept is a recombinant fusion protein

containing VEGF-binding portions from the extracellular

domains of human VEGF receptors 1 and 2, fused to the Fc

portion of human immunoglobulin (Ig)G1. Ziv-aflibercept

blocks the activity of VEGFA, VEGFB, and placental growth
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factor by acting as a high-affinity ligand trap to prevent binding

to these endogenous receptors.28 Sorafenib (Nexavar; Bayer

Schering Pharma, Leverkusen, Germany) is approved for anti-

angiogenic therapy of renal cellular carcinoma3 and hepatocel-

lular carcinoma.29 Sorafenib is a small molecule that inhibits

tumor cell proliferation and tumor angiogenesis and increases

the rate of apoptosis in a wide range of tumor models. It acts by

inhibiting serine–threonine kinases Raf-1 and B-Raf, receptor

tyrosine kinase activity of VEGFRs expressed on the endothe-

lium 2 and 3, and platelet-derived growth factor receptor b.30

Therefore, the combination of these 2 drugs inhibits the activa-

tion of VEGF by inhibiting VEGFR1, VEGFR2, and VEGFR3

expressed on the vascular endothelium and by blocking the

circulating VEGFA and VEGFB (Figure 1).

Dynamic Contrast-Enhanced Ultrasound

Dynamic contrast-enhanced ultrasound was performed using

an ultrasound imaging system (Aplio 50; Toshiba, Tochigi,

Japan) with a linear, 12-MHz probe (PLT 1202S). The

probe was placed such that the ultrasound focal zone was

centered on the tumor position. A 50-mm thick echo-gel pad

(high polymer ultrasound standoff pad; Eurocamina, Milan,

Italy) was placed between the transducer and the tumor’s

surface to maintain a fixed imaging distance. Imaging set-

tings were optimized for visualization of the superficial tumor

and kept constant throughout the study (2-dimensional gain

92, transmit frequency h12.0, mechanical index 0.1). Time

gain compensation controls were placed in a centered and

fixed position.

B-mode images were acquired at the central position of the

tumor along both the sagittal and the transverse planes for

evaluation of the dimensions of the major axes of the tumor

(Figure 2). Tumor volume was calculated according to: V¼ (p/

6)�(l�w�t) where l is the length, w the width, and t the thick-

ness of the tumor as delimited on the B-mode images. The

tumor size at day 0 was used for the initial randomization of

mice into the 4 therapy groups.

The DCE-US data sequences were acquired in Contrast Har-

monic Imaging mode after retro-orbital injection of a 100mL bolus

of Luminity contrast agent (Luminity; Bristol-Myers Squibb, New

York City, NY). The DCE-US data sequences were recorded in

Raw Data–formatted files. Imaging data were first

acquired 15 days after tumor cell injection which, with

respect to treatment administration, is day 0 (prior to the

first treatments). Imaging was then repeated on days 1, 2,

7, and 9 with respect to the treatment administration.

Sequence Analysis

A region of interest including the whole tumor was positioned

on each DCE-US clip. The evolution of the mean linear echo-

power with time was extracted from this region of interest

using the CHI-Q user-interface (version 1.6; Toshiba). The

linear echo-power versus time curve was fit using a log-

normal model.31,32 The area under the curve (AUC) was

Figure 1. Schematic diagram showing the principle of the combined targeting of angiogenesis with ziv-aflibercept and sorafenib.
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calculated from the integral of the best fit curve over the acqui-

sition time, which was fixed to be 25 seconds for all acquisi-

tions (Figure 3).

Histological Analyses

Animals were euthanized if they reached institutional ethi-

cal end points associated with weight loss during the ther-

apeutic follow-up. The time to this euthanasia was used in

evaluating survival. Mice were housed at the Centre

d’Explorations Fonctionnelle, Cordeliers’ Research Center,

facility agreement no. A75-06-12, for at least 1 week before

entering the experimental protocol. All experiments were

conducted according to a protocol approved by the Charles

Darwin National Ethical Committee for Region 5 (protocol

authorization p3/2009/010).

Following the final day of therapy, euthanasia was

administered, and tumors were harvested. After fixation

with 4% formaldehyde for at least 48 hours, necrosis was

examined on 2 paraffin-embedded axial slides (5-mm thick)

stained with hematoxylin-eosin stain (HES) and represent-

ing the most central cross-section of the tumor. Each HES-

stained slide was mounted and observed using NDP view

software after scanning slides with an HPF-Nanozoomer

RS2.0 (Hamamatsu Photonics, Hamamatsu City, Japan;

Figure 4).

Figure 2. Ultrasound (US) imaging of the 4 groups. The B-mode images were selected in the transverse and sagittal planes to assess maximum

dimensions of each tumor (only the sagittal plane is shown in the images). The dynamic contrast-enhanced US (DCE-US) is shown in the

transverse plane during the peak contrast during the passage of the contrast bolus.

Figure 3. Example of an echo-power versus time curve extracted from

a region of interest in a tumor. The mean echo power measured for

each image frame is represented by the black points. The curve fit to

these data according to the log-normal model is represented by the

solid black line. The shaded region represents the area under the curve

for t ¼ 0 to 25 seconds.
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Statistical Analyses

Statistical significance of differences in the AUC day to day

was estimated using the Wilcoxon signed rank test. Compari-

son of the AUC was made on stable groups of mice (mice

euthanized during the period of a comparison were excluded

from the data included in the statistical analysis).

Progression-free survival (PFS) was assessed from the

initiation of treatment. Progression was defined as a maximum

tumor dimension increase > 20% (RECIST 1.1) or an AUC

increase >10% (functional criteria). Overall survival (OS) was

assessed based on the time from the initiation of treatment to

the time of necessity to administer ethical end-point euthanasia.

Survival was followed from days 15 to 29 with respect to tumor

implantation. Significance of the differences in survival

between treatment groups was assessed using the log-rank test.

All differences with a P value below .05 were considered

significant. The analyses were made with R (R foundation for

Statistical Computing, Vienna, Austria).

Results

In the first 3 days of treatment, 6 mice were removed from the

study based on ethical end point: 4 of these were in the Placebo

group, 1 in the sorafenib monotherapy group, and 1 in the ziv-

aflibercept monotherapy group. At the ninth day of treatment,

28 mice remained in the study, but ultrasonic data for

assessment of AUC was not evaluable for one of them (placebo

group). Thereafter, due to the reduction in the number of mice

per group, DCE-US analysis was discontinued after the ninth

day. Therapy and survival monitoring were maintained for

14 days.

The animal weight was homogeneous before therapy began.

After 14 days of treatment, there was a significant weight

decrease in the group that received combined therapy which

Figure 4. Histological sections of tumors from each treatment group to show the histological modification. Magnified zones show the different

levels of necrosis: the diffuse necrosis in combined and monotherapy antiangiogenic drug groups (more in Ziv-aflibercet than Sorafenib). The

placebo group presented centralized necrosis surrounded by viable tumor.

Figure 5. Animal weight of the mice in the 4 treatment groups as a

function of time.

Lamuraglia et al 5



Figure 6. Evolution of tumor volume in the different groups of mice.

Figure 7. Area under the curve (AUC) estimated from dynamic contrast-enhanced ultrasound (DCE-US) for control mice receiving placebo

(N ¼ 6), mice receiving sorafenib (N¼ 6), ziv-aflibercept (N ¼ 8), and the 2 drugs combined (N ¼ 7).
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may be attributed to toxicity effects of the double-therapy asso-

ciation (Figure 5).

Tumor volume did not present any significant reduction in

any of the groups. The only significant difference between

groups was observed on day 9 for which the tumor volume in

the placebo group was different from that in the combined and

ziv-aflibercept groups (P < .05; Figure 6). Although the func-

tional index, AUC, remained stable throughout the study in the

placebo group, AUC decreased significantly from day 0 to 1

(after 24 hours of therapy) for the combined antiangiogenic

group (P ¼ .007; Figure 7). This significant decrease was

maintained for all subsequent times (through day 9). Between

days 0 and 1, no significant differences were found with respect

to baseline AUC for the sorafenib and ziv-aflibercept groups.

However, 48 hours after initiation of therapy, the group receiv-

ing ziv-aflibercept presented a significantly reduced AUC,

(P ¼ .010), and this decreased AUC level remained signifi-

cantly lower with respect to baseline from days 2 to 9 (Figure

7). The decrease in AUC for the group receiving sorafenib was

weakly significant only at 48 hours.

There were no significant differences between the OS for

the 4 groups (P ¼ .7) as show by the Kaplan-Meier curve

(Figure 8). The PFS according to the morphological RECIST

criteria (largest tumor diameter) did not present any statisti-

cally different levels between the groups (P ¼ .4, Figure 9).

The PFS based on the functional criteria (AUC) was signifi-

cantly better for the 3 groups receiving antiangiogenic treat-

ment than for the placebo group (P < .05) but was not

significantly different between the antiangiogenic therapy

groups (Figure 10).

The sensitivity of DCE-US to differences in microvascular

flow during combined vertical blockade of the VEGF pathway

versus monotherapy was evaluated. The histological analysis,

made on the 22 surviving mice at the end of the study, was

consistent with AUC results. There was evidence of important,

diffuse necrosis in combined and monotherapy antiangiogenic

drug groups. The placebo group presented centralized necrosis

surrounded by viable tumor (Figure 4).

Discussion

The interest of DCE-US for monitoring functional modifica-

tions of tumors during antiangiogenic therapy has been demon-

strated.19-21 The AUC parameter considered in this study

provides an estimate for the amount of contrast-traced blood

flowing through the tumor. This blood-flow index identified

response 24 hours after beginning combined antiangiogenic

therapy. According to the AUC criteria, drug response and

survival for all groups receiving combined and monotherapies

were associated and were significantly better than that for the

control group. The OS for therapy and control groups was

similar. The PFS evaluated according the RECIST criteria was

somewhat poorer for the placebo group, but this was not sig-

nificant. Probably, the homogenization of tumor volume

increase, with an orthotopic model, can optimize the results.

Figure 8. Survival as determined based on animal well-being. Ethical

euthanasia was applied to any mice presenting more than 20% weight

loss, tumor volume exceeding 2500 mm3 or exhibiting physical/

behavioral signs of health impairment.

Figure 9. Progression free survival. Progression defined as an increase

of > 20% in the largest tumor diameter (RECIST 1.1).

Figure 10. Functional progression-free survival. Progression defined

as an increase of 10% of the area under the curve (AUC) with respect

to baseline.
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In fact, the ectopic subcutaneous xenograft model has pre-

sented a limit in this study, showing very heterogeneous tumor

growth.

It has been shown that the use of combinations of targeted

therapies can reduce the probability of the development of

resistance.33 The combination of antiangiogenic drugs is of

interest to reduce resistance development to this type of ther-

apy. Although AUC indicated earlier significant decrease for

the group receiving combined antiangiogenic therapy, this

group did not demonstrate significantly higher PFS than the

groups treated with monotherapy. Survival data based on ethi-

cal end point euthanasia may not reveal long-term survival

benefits. Furthermore, the competing effect between antiangio-

genic effectiveness and increased toxicity for the drug combi-

nation may reduce survival benefit from the therapy. Increased

toxicity due to drug association has, in effect, been identified as

a major hurdle for the further development of cancer therapy

combinations.34 Phase I studies with 2 antiangiogenics have

been stopped early because of elevated mortality. The DCE-

US could potentially be useful to adapt the dose of dual therapy

to walk the fine line between toxicity related to the drugs and

maintained therapeutic effect.14

Conclusions

The functional evaluation of the microvascularization of

tumors with DCE-US had demonstrated a significant functional

perfusion reduction after 24 hours of therapy combining ziv-

aflibercept and sorafenib. At 48 hours, significant reduction in

the AUC was also detected for antiangiogenic monotherapy.

The combined therapy presented early antiangiogenic

response but without any difference in PFS and OS against

antiangiogenic monotherapy. The PFS based on functional cri-

teria measured using DCE-US was significantly improved in

the 3 treated groups, whereas the PFS based on tumor size did

not discriminate between treated groups and control.

The DCE-US presents strong potential to monitor microvas-

cular modifications during antiangiogenic therapy. Such non-

invasive monitoring of antiangiogenic therapy with DCE-US

may provide a means to better adapt dose combinations when

dual therapies are applied.
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