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Abstract

Purpose—To examine the antagonistic effects of anti-extracellular matrix metalloprotease

inducer (anti-EMMPRIN) antibody when combined with chemotherapy using a hypovascular

pancreatic tumor model.
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Procedures—Severely compromised immunodeficient mice bearing orthotopic MIA PaCa-2

tumors were used (five to six animals per group). Dynamic contrast-enhanced magnetic resonance

imaging was used to examine the relationship between tumor vascularity and size. Therapy was

initiated when tumors were hypovascular. Treatments included: (1) gemcitabine alone, (2) anti-

EMMPRIN antibody alone, and (3) combination, each for 2 weeks. Additionally, another

treatment arm included β-lapachone, an NAD(P)H/quinone 1 (NQO1) bioactivated agent. 18F-

fluoro-D-glucose-positron emission tomography/computed tomography imaging was used weekly

to monitor therapeutic effects.

Results—Gemcitabine or anti-EMMPRIN monotherapy significantly delayed tumor growth, but

the combination therapy showed an antagonistic effect. Similarly, tumor growth was significantly

suppressed by β-lapachone alone, and additive effects were noted when combined with

gemcitabine, but the therapeutic efficacy was reduced when anti-EMMPRIN antibody was added.

Conclusions—Anti-EMMPRIN antibody with chemotherapy in hypovascular tumors results in

antagonistic effects.
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Introduction

Among all cancers affecting humans, pancreatic cancers are the most deadly. Pancreatic

cancers are currently the fourth leading cause of cancer deaths in the United States but

predicted to be the second leading cause of cancer death by year 2020. Gemcitabine, a

nucleoside chain terminator, is the current standard of care for advanced pancreatic cancer,

but it offers only minimal survival benefit for patients [1]. Gemcitabine is a prodrug

requiring phosphorylation for DNA incorporation, thereby interfering only with cycling

cancer cells resulting in apoptosis and senescence. Since gemcitabine functions in an S-

phase-dependent manner, the therapeutic effect is limited to dividing cells and mostly

leading to transient tumor growth suppression.

In contrast, β-lapachone is capable of killing tumor cells independent of cell cycle position

and is specific for cancer cells expressing the two-electron oxidoreductase NAD(P)H/

quinone oxidoreductase-1 (NQO1) [2, 3]. In the presence of NQO1, β-lapachone leads to

robust formation of reactive oxygen species and Ca2+ release from endoplasmic reticulum

stores. This results in the hyperactivation of poly (ADP-ribose) polymerase 1 (PARP1) that

stimulates NAD+/ATP loss and programmed necrosis (necroptosis) [2–4]. β-Lapachone also

acts as a potent inhibitor of DNA repair [5], suggesting a possible synergism with DNA

damaging agents like gemcitabine.

Extracellular matrix metalloprotease inducer (EMMPRIN) is a glycoprotein expressed

within the cellular membrane and is considered a promising target for efficacious therapy of

pancreatic cancers [6]. EMMPRIN promotes matrix-metalloproteinase (MMP)-1, MMP-2,

and MMP-3 production [7–9]; these MMPs function to degrade extracellular matrix

components, resulting in tumor-cell invasion and metastasis [10]. EMMPRIN also promotes
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tumor neovascularization by upregulating vascular endothelial growth factor (VEGF)

isoforms and the VEGF receptor, VEGFR-2, via stimulation of hypoxia-inducible factor-1

alpha (HIF-1α) [11]. Therefore, an anti-EMMPRIN therapy may suppress tumor

vascularization as well as metastasis.

The potential anti-vascularization effects of an anti-EMMPRIN therapy on pancreatic

cancers suggest that great care must be taken when combination therapies with small-

molecule chemotherapeutic agents such as gemcitabine or β-lapachone are applied. Fig. 1

illustrates the delivery of a non-targeting small-molecule (NTSM) chemotherapeutic agent

over time to tumors with different vascularities. Hypervascular tumors contain dilated,

tortuous and leaky vessels, causing high interstitial pressures [12]. The leaky vessels result

in a high wash-in rate of the NTSM drug, but the corresponding washout rates are also high

due to the high interstitial pressures. As a result, steady-state drug concentration (DCss)

remains relatively low. However, isovascular tumors contain vessels with medium leakiness,

so both penetrating drug levels and washout rates become modest, driving elevated DCss

values. For hypovascular tumors, DCss values remain low since tumor vessels are relatively

scarce. If an anti-EMMPRIN therapy is used for hypervascular tumors, its antiangiogenic

effects may induce vascular normalization, reducing interstitial pressures [12]. Thus, the

anti-EMMPRIN therapy may simultaneously reduce wash-in and washout rates and thereby

improve drug-delivery efficiency and combination therapy efficacy. In contrast, for both

isovascular and hypovascular tumors, the antiangiogenic effects of the anti-EMMPRIN

therapy may cause significantly diminished drug delivery efficiency, inducing tumor

hypoxia. The goal of this study was to determine the effects of an anti-EMMPRIN antibody

therapy on two current chemotherapeutic agents being used for the treatment of pancreatic

cancer, one standard of care agent (i.e., gemcitabine) and another experimental agent, β-

lapachone, in hypovascular pancreatic tumors.

Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) was employed to

analyze tumor vascularity non-invasively. DCE-MRI biomarkers, Ktrans (forward volume

transfer constant) and kep (reverse reflux rate constant), represent the wash-in and washout

rates of an MR contrast, respectively [13]. 2-Deoxy-2-[18F]fluoro-D-glucose (18F-FDG)

positron emission tomography (PET) and X-ray computed tomography (CT) imaging were

employed to measure tumor-cell glycolysis and tumor volume, respectively [14–16].

Materials and Methods

Reagents and Cell Lines

All reagents were from Fisher (Pittsburg, PA), unless otherwise specified. Dr. Tong Zhou

(UAB, Birmingham, AL) generously provided the purified monomeric monoclonal anti-

EMMPRIN antibody (mouse origin IgG1 kappa). 18F-FDG was purchased from PETNET

Solutions (Birmingham, AL). MIA PaCa-2 human pancreatic cancer cells were obtained

from Dr. Donald J. Buchsbaum (UAB, Birmingham, AL). It was cultured in Dulbecco’s

modified Eagle’s medium (Mediatech Inc, Herndon, VA) supplemented with 10 % fetal

bovine serum (Hyclone, Logan, UT). OmnipaqueTM (iohexol, 350 mg/ml, GE Healthcare

Inc., Princeton, NJ), ProHance® (gadoteridol, an MR contrast agent; Bracco Diagnostics

Inc., Princeton, NJ), and Gemzar (gemcitabine, Eli Lilly, Indianapolis, IN) were purchased

Kim et al. Page 3

Mol Imaging Biol. Author manuscript; available in PMC 2014 June 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



from the University of Alabama at Birmingham Hospital Pharmacy. We made β-lapachone

and hydroxypropyl-β-cyclodextran (HPβ-CD, vehicle of β-lapachone) as previously

described [2, 3].

Animal Modeling

Animal experiments were reviewed and approved by the Institutional Animal Care and Use

Committee at UAB. Nine groups of female severely compromised immunodeficient

BALB/c mice (NCI-Frederick Animal Production Program, Fredrick, MD, 4~ 6 weeks old)

were used. The procedure for intrapancreatic tumor implantation was as follows: A 1-cm

incision was made in the left upper quadrant of the abdomen of anesthetized mice, and

2.5×106 MIA PaCa-2 cells were injected into the tail of the pancreas. The skin and

peritoneum were closed in one layer with three interrupted 5–0 Prolene sutures. Group 1 was

used to examine changes in tumor vascularity with respect to tumor size; when tumors were

palpable, in vivo ultrasound imaging was applied to select six animals bearing tumors with

matching size and shape among ten animals, and then a vascular access port (PennyPort,

Access Technologies, Skokie, IL) was subcutaneously implanted to facilitate repeated

intravenous injection of an MR contrast agent (gadoteridol), as previously described [13,

17]. Four days after port insertion, T2-weighted MRI and DCE-MRI were performed for all

animals of group 1 every 24 h for 4 days. Tumor volumes and vascular parameters (Ktrans,

kep, and C20min) were quantified. C20min is the concentration of gadoteridol at 20 min after

dosing. Groups 2–9 were used for various therapies as outlined below. Forty-eight animals

bearing tumors with similar sizes and shapes determined by in vivo ultrasound imaging were

selected from 60 animals. Therapy schedule was determined based on results found with

group 1. Drug dosing started when tumors were small enough to be considered hypovascular

but larger than 2 mm in diameter, so as not to be considered avascular [18]. Group 2 served

as a control; three mice were untreated, and the other three mice were injected with HPβ-CD

(20 mg/kg, intravascular (IV), days 4, 6, 8, 10, and 12), the vehicle for β-lapachone. Groups

3–5 were injected with gemcitabine (100 mg/kg, IP, days 4, 8, and 12), anti-EMMPRIN

antibody (0.2 mg, IP, days 0, 3, 7, and 10), or the combination, respectively. Group 6 was

injected with β-lapachone (20 mg/kg, IV, days 4, 6, 8, 10, and 12) solubilized in HPβ-CD.

Groups 7–9 were treated with the same doses and time schedule applied for groups 3–5,

respectively, but β-lapachone was added to each regimen, in the same scheduling as used for

group 6. When gemcitabine and β-lapachone were given on the same day, β-lapachone was

administered at 2 h after gemcitabine injection. A total of six mice were initially used per

group, but one animal of group 3 and one animal of group 9 died at 7 and 8 days after

therapy started, respectively. 18F-FDG-PET/CT imaging was performed weekly (days 0, 7,

and 14). Body weights were measured weekly. At the end of each therapy, tumor and blood

(100–200 μl) were collected from each mouse, and Ki-67 staining was performed for all

tumor tissues. Densities of white blood (WBC), red blood (RBC), and proliferating (Ki-67

expressing) cells were measured. All mice were anesthetized using isoflurane gas (1~2 %)

during imaging.

MR Image Analysis

Small animal DCE-MRI and T2-weighted imaging were conducted using a Bruker BioSpec

9.4 T system (Bruker BioSpin Corp., Billerica, MA). Tumors were imaged using a
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combination of a 1H volume resonator/transmitter and a surface coil receiver (Bruker

BioSpin Corp., Billerica, MA). A T2-weighted spin-echo sequence (RARE) was used with

the following parameters—repetition time/echo time (TR/TE)=2,000/34 ms, 128×128

matrix, 1 mm thickness, and 30×30-mm field of view. Continuous 1-mm thick slices were

used to cover the entire tumor region. A T1 map was acquired with a FLASH gradient-echo

multiflip-angle approach with the following parameters—TR/TE=115/3 ms, 128×128

matrix, 1-mm thickness, 30×30-mm field of view, NEX=4, and seven flip angles of 10, 20,

30, 40, 50, 60, and 70°. A total of three to five 1-mm thick slices were acquired to cover

tumor regions of interest in an interlaced mode. DCE-MRI employed the same acquisition

parameters as those above but with a fixed flip angle of 30° and temporal resolution of 58.88

s. Five baseline images were acquired before gadoteridol injection, and then 20 images were

acquired after gadoteridol injection of 0.0267 mmol/ml over a period of 15 s with a total

injection volume of 0.15 ml. The reference region model was employed to calculate volume

transfer constant (Ktrans) and rate constant (kep), as described [13], but a moving average

filter (window: 3) was applied for the signal curve 1 min after contrast injection to further

improve signal-to-noise ratios. Tumor areas were segmented from anatomical MR images

using signal-intensity differences between region of interest (ROI) and background, and 0.5-

mm peripheral regions were determined as described [13]. Ktrans, kep, and C20min values

were averaged in the 0.5-mm peripheral tumor region to reduce quantification error

contributing from a necrotic core. Segmentation of whole tumor areas was performed using

ImageJ, version 1.44p (National Institutes of Health, Bethesda, MD), while quantification of

Ktrans, kep, and C20min values and segmentation of peripheral tumor regions were

implemented using computer software developed with Labview 2010, version 10.0.1

(National Instruments Co., Austin, TX).

PET/CT Image Analysis

Positron emission tomography/computed tomography (PET/CT) imaging was conducted

using Triumph, a PET/CT dual-modality imaging system (GE, Northridge, CA) as described

[19]. Tumor areas were manually segmented from contrast-enhanced CT images based on

the signal-intensity differences between ROI and background. Standardized uptake values

(SUVs) were calculated by SUV=(C×W)/D where C was tissue activity concentration

(megabecquerels per milliliter), W was animal body weight (gram), and D was administered

dose (megabecquerels). The whole tumor segmentation and PET/CT image co-registration

were implemented with ImageJ, version 1.44p (National Institutes of Health, Bethesda,

MD), while SUVs were quantified using computer software developed with Labveiw 2010,

version 10.0.1 (National Instruments Co., Austin, TX).

Ultrasound Image Analysis

Ultrasound imaging was performed using a VisualSonics VEVO 660 high-frequency, high-

resolution ultrasound instrument with a 40 MHz probe (Toronto, Ontario, Canada) as

described [20]. In the anterior–posterior plane, the largest diameter and the maximum

diameters perpendicular to it were measured. Then the ultrasound probe was rotated 90° to

measure the largest diameter in the sagittal plane. The tumor volume was calculated using

the following, Volume = xyz(π/6), where x, y, and z were the three orthogonal diameters of a

tumor.
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Histological Analysis

Ki67 staining was performed for tumor tissues of all mice with the same procedure as

reported [21]. Two digital pictures (×200) were randomly taken in a blinded manner for each

tumor slice using a SPOT camera on a Nikon Optiphot-2 microscope (Nikon inc., Melville,

NY), interfaced with a personal computer and SPOT software. Proliferative (Ki67-

expressing) cells were segmented by color differences, while the color threshold was

manually determined. Cell densities were determined as the number of target cells per unit

area. Image segmentation and cell counting were implemented using ImageJ, version 1.44p

(National Institutes of Health, Bethesda, MD).

Statistical Analysis

One-way ANOVA was performed to compare initial tumor volumes, animal body weights,

Ki-67-expressing cell densities, and blood-cell densities among groups 2–9 [22]. Two-way

repeated-measures ANOVA was employed to compare tumor volume and SUVmean changes

over 2 weeks for groups 2–9 [23]. Pearson’s correlation coefficient was computed to analyze

linear relationships between the two variables [24]. Pearson’s correlation coefficients were

also obtained to correlate Ki-67-expressing cell densities and tumor volume changes (or

tumor SUVmean change). P values less than 0.05 were considered significant, while applying

Bonferroni correction for multiple comparisons [22]. Data were presented as mean±standard

error. All analyses were performed using SAS, version 9.2 (SAS Institute Inc., Cary, NC).

Results

MIA PaCa-2 Tumor Vascularity Correlated with Tumor Size

Fig. 2a shows gadoteridol concentration (millimolar) in three representative mice bearing

orthotopic MIA PaCa-2 tumors with different sizes (80, 120, and 300 mm3, respectively) at

0, 5, and 20 min post-contrast administration. Tumor region is indicated with a black circle

in each sub-figure. Fig. 2b shows contrast-enhancement curves (dots) averaged in the ROIs

indicated with white squares (2 pixels per square located in the peripheral tumor region) in

the images at 0 min (Fig. 2a), together with best-fit fifth-order polynomial curves (dotted

lines), while dosing time is indicated with a black arrow. The gadoteridol concentration in

the large tumor (300 mm3) was markedly higher than that in the midsize tumor (120 mm3)

during the early phase of injection but rapidly decreased over time. On the other hand, the

contrast concentration in the midsize tumor was lower than that in the large tumor during the

early phase. However, the gadoteridol concentration in the midsize tumor increased

gradually and was maintained higher by about 10 min post-administration. For the small

tumor, gadoteridol delivery was modest over the entire monitoring time due to its

underdeveloped vascularity. Fig. 2c shows the second-order polynomial relationship

between mean tumor volumes and mean Ktrans values (R2=0.99). The maximum Ktrans value

on the best-fit second-order polynomial curve is 0.071 min−1 at 263 mm3. Similarly, Fig. 2d

shows the second-order polynomial relationship between mean tumor volumes and mean kep

values (R2=0.99). The maximum kep value on the best-fit second-order polynomial curve is

0.107 min−1 at 217 mm3. Fig. 2e shows averaged C20min values according to the tumor size.

C20min was maximized when tumor volume was approximately 130 mm3 but gradually

decreased in larger tumors. Fig. 2f shows the relationship between mean C20min and mean
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Ktrans values. C20min was maximized when Ktrans value was about 0.050 min−1 and then

declined with larger values. Tumors with Ktrans values lower than 0.05 min−1 were

considered hypovascular for subsequent therapy. The mean tumor volume of groups 2–9

was 115±9 mm3 prior to therapy initiation (day 0), so the average tumor Ktrans value was

estimated to be 0.045± 0.003 min−1 from the association between tumor volume and Ktrans

value shown in Fig. 2c.

Antagonistic Effect Between Anti-EMMPRIN Antibody and Chemotherapy

Fig. 3a shows representative 18F-FDG PET/CT co-registered images of mice from groups 2–

9 at 2 weeks after therapy initiation. Tumor location is indicated by a white circle in each

sub-figure. Fig. 3b, f shows changes in tumor volumes and SUVmean over 2 weeks after

therapy, when animals were untreated (control) or treated with gemcitabine, anti-EMMPRIN

antibody, or combination therapy, respectively. Gemcitabine or anti-EMMPRIN

monotherapy delayed tumor growth significantly, but the combination did not improve

therapeutic efficacy. Fig. 3c, g shows changes in tumor volumes and SUVmean of control

animals or groups treated with gemcitabine, β-lapachone, or combination, respectively.

During the first 7 days post-treatment, additive effects were noted with either tumor volume

changes (decreases of 53 % versus 42 %) or SUVmean values (decreases of 40 % versus 39

%), and overall efficacy gradually decreased over the next 7 days. Fig. 3d, h shows changes

in tumor volume and SUVmean values of four groups untreated (control) or treated with β-

lapachone, anti-EMMPRIN antibody, or combination, respectively. An antagonistic effect

was noted when animals were treated with anti-EMMPRIN antibody and β-lapachone

combination compared with either agent alone. Fig. 3e, i shows changes in tumor volumes

and SUVmean values for mice untreated (control) or treated with anti-EMMPRIN antibody,

combination therapy with β-lapachone and gemcitabine, and the triple combination therapy,

respectively. The antagonistic effect of anti-EMMPRIN antibody appeared more obvious

when combined with two chemotherapeutic agents.

Histological Analysis

Fig. 4a shows representative microphotographs of Ki-67-stained tumor tissues of groups 2–

9. Proliferative (Ki-67 expressing) cells are stained dark brown. Fig. 4b shows the

proliferative cell densities (indicated with N/mm2) of tumors of groups 2–9, but no statistical

differences were found among these groups (p>0.05). Fig. 4c, d shows a linear relationship

between mean proliferative cell densities and mean changes in tumor volumes (or SUVmean)

for 2 weeks post-treatment.

Toxicity Assessments

The body weights of mice treated as described above in groups 2–9 were not significantly

altered post-treatment. The mean body weights of mice in groups 2–9 on days 0, 7, and 14

were 16.8±0.2, 16.9±0.2, and 16.5±0.2 g, respectively. Both WBC and RBC densities of

mice treated with gemcitabine were significantly lower than those of the control (p<0.05);

however, mice treated with β-lapachone and/or anti-EMMPRIN antibody were not

significantly different (p>0.05) from control mice. Furthermore, the WBC and RBC
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densities of mice treated with gemcitabine were not significantly different (p>0.05) from

animals exposed to dual or triple combination therapies.

Discussion

It has been often perceived that tumor vascularity would evolve from avascularity to

hypervascularity (i.e., angiogenic switch). But this study demonstrated that it was a

misperception by over-generalization; tumors evolve from avascularity to hypovascularity

and then to hypervascularity, as shown in Fig. 2. In hypovascular tumors, the antiangiogenic

effects of the anti-EMMPRIN antibody may reduce the efficiency of chemotherapy delivery

when used in combination, producing an antagonistic effect, as demonstrated in this study.

In a previous study, however, we showed a synergistic effect between the anti-EMMPRIN

antibody and gemcitabine when the same mouse model (orthotopic MIA PaCa-2 tumor) was

employed [19]. In that study, the initial tumor size was 238±38 mm3, so the mean tumor

Ktrans value can be estimated to be 0.071±0.001 min−1 based on the data provided in Fig. 2c,

which is about 60 % larger than that of tumors used in the current study. Therefore, for

hypervascular tumors, the antiangiogenic effects of anti-EMMPRIN antibody may induce

vascular normalization, thereby improving delivery of chemotherapy to tumors. We recently

showed that the concentration of MR contrast agent (gadoteridol) in tumors at 40 min after

injection increased about 150 % for only 3 days after the initiation of anti-EMMPRIN

therapy when tumors were hypervascular (Ktrans value, 0.058±13 min−1), while both the

Ktrans and kep values of the tumors decreased about 40 % and 20 %, respectively, during the

same time [25].

Therefore, it appears necessary to characterize tumor vascularity prior to therapy initiation.

This may be the determining factor of whether addition of anti-EMMPRIN antibody to a

given chemotherapeutic regimen will improve clinical outcome. About 85 % of primary

pancreatic tumors and 60 % of liver metastases are known to be hypovascular [26, 27]. Fig.

5 illustrates how a vascular-guided personalized anti-EMMPRIN therapy could be applied in

a clinical setting. The tumor biopsy specimen remaining after histological confirmation

could be utilized to evaluate EMMPRIN expression on the cell membrane. Pancreatic

cancers at diagnosis can be classified into three groups: resectable, non-resectable locally

advanced, and metastatic cancers. For resectable pancreatic cancer (about 15 % of patients at

diagnosis [28]), surgery would be performed first, followed by subsequent adjuvant therapy;

combination therapy will be applied only for patients with EMMPRIN-positive tumors. For

non-resectable locally advanced pancreatic cancer (about 40 % [29]), the primary tumor

vascularity will be evaluated by DCE-MRI first, and combination therapy can be applied for

patients with EMMPRIN-positive, hypervascular tumors. About 45 % of pancreatic cancer

patients have metastases at diagnosis [30], most commonly in liver, peritoneum, and lung.

DCE-MRI has been evaluated as a tool to assess tumor vascularity in lung and abdominal

metastases using motion-correction techniques [31, 32]. If these metastases have different

vascularity from the primary pancreatic tumor [26], therapy will be determined according to

the vascularity of metastases to prevent further progress of them. One study showed that no

patients had simultaneous hyper- and hypovascular metastatic tumors [26].
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However, Ktrans and kep values can be highly variable depending on the use of different

imaging protocols and quantification methods [33]. Significant differences in quantitating

the imaging pharmacokinetic parameters (Ktrans and kep) were observed among

commercially available computer software analyzing blood perfusion [34]. Therefore, there

is an urgent need for standardization of DCE-MRI methodology for the clinical translation

of vascular-guided personalized anti-EMMPRIN therapy.

To the best of our knowledge, these studies are the first to validate the efficacy of

combination therapy with β-lapachone and gemcitabine in an orthotopic pancreatic cancer

model in vivo. Although synergy between these two agents was expected, since β-lapachone

can synergize with most DNA damaging agents, we noted only additive effects. β-

Lapachone causes extensive DNA single-strand breaks [3] and thereby could synergize with

the DNA damage created by gemcitabine. However, we used a dose of β-lapachone that was

efficacious on its own. A lethal dose of β-lapachone leads to PARP1 hyperactivation in vivo

[35], resulting in massive NAD+ and ATP losses that are likely to freeze cell metabolism

and block/interfere with incorporation of nucleoside analogs, such as gemcitabine. Thus,

synergy might have been achieved if the sub-lethal dose of β-lapachone had been used

together with the lethal dose of gemcitabine. We are currently testing optimal timing and

dosing of this combination to achieve nontoxic doses that together hyperactivate PARP1 and

yield synergistic antitumor activities. Finally, we noted that β-lapachone caused significant

reduction of glucose utilization in Mia PaCa-2 xenografts. We speculate that this reduction

could be due to PARP1 hyperactivation-related NAD+/ATP losses. Effects of this drug, as

well as other NQO1 bioactivatable drugs, on glucose utilization pathways are currently

under investigation.

Conclusions

Antagonistic effects between anti-EMMPRIN antibody and two separate chemotherapeutic

regimens were observed for hypovascular MIA PaCa-2 tumors. Thus, anti-EMMPRIN

antibody may need to be considered only for patients with hypervascular tumors, when

chemotherapy is used in combination.
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Fig. 1.
Theoretical illustration of the delivery of a non-targeting small-molecule (NTSM) drug over

time to tumors with varying vascularity. DCss stands for NTSM drug concentration at

steady-state in the tumor.
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Fig. 2.
MIA PaCa-2 tumor vascularity correlated with tumor size. a MR contrast agent (i.e.,

gadoteridol) concentration in three representative mice bearing different-sized MIA PaCa-2

pancreatic tumors at t=0 (baseline), 5, and 20 min after injection. Tumor region is indicated

with a black circle in each sub-figure. b Contrast-enhancement curves averaged in the ROIs

indicated with white squares shown in Fig. 2a, while the time point of gadoteridol injection

is indicated with a black arrow. c Mean Ktrans values versus mean tumor volumes. d Mean

kep values versus mean tumor volumes. e Mean C20min values versus mean tumor volumes. f
Mean C20min values versus mean Ktrans values.
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Fig. 3.
In vivo 2-Deoxy-2-[18F]fluoro-D-glucose-positron emission tomography/computed

tomography (FDG-PET/CT) image analyses in vivo. a Representative 18F-FDG-PET,

contrast-enhanced CT (CE-CT), and PET/CT fused images of mice from groups 2–9 at 2

weeks after therapy initiation. Tumor location is indicated with a white circle in each sub-

figure. The same color scale was applied to all PET images. b Tumor volume and f
SUVmean changes of four groups untreated (control) or treated with gemcitabine, anti-

EMMPRIN antibody, and combination, respectively. c Tumor volume and g SUVmean

changes of four groups untreated (control) or treated with β-lapachone, gemcitabine, and

combination, respectively. d Tumor volume and h SUVmean changes of four groups

untreated (control) or treated with β-lapachone, anti-EMMPRIN antibody, and combination,

respectively. e Tumor volume and i SUVmean changes in mice untreated (control) or treated

with anti-EMMPRIN antibody, combined therapy with β-lapachone and gemcitabine, or the

triple combination therapy, respectively. Statistical differences among groups are

represented with different Greek letters (Lap: β-lapachone; EMMP: anti-EMMPRIN

antibody; Gem: gemcitabine).
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Fig. 4.
Histological analyses of tumor responses. a Representative microphotographs of tumor

tissues following various therapies (Gem: gemcitabine; EMMP: anti-EMMPRIN antibody;

Lap: β-lapachone), showing Ki-67 expressing cells (dark brown). The length of each scale

bar is 0.1 mm. b Ki-67 cell densities of tumor tissues from groups 2–9. c, d Correlations

between Ki-67 cell densities and c tumor volume changes or d tumor SUVmean changes for

14 days after therapy initiation.
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Fig. 5.
Flow chart showing a proposed therapeutic strategy based on cancer stage, EMMPRIN

expression, and tumor vascularity (Chemo: chemotherapy; EMMP: anti-EMMPRIN therapy;

MET: metastasis).
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