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Extracelluar matrix metalloproteinase as a novel target for

pancreatic cancer therapy
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The objective of this study was to evaluate extracellular
matrix metalloproteinase (EMMPRIN) as a novel target in
orthotopic pancreatic cancer murine models. MIA PaCa-2
human pancreatic tumor cells were implanted in groups 1
and 3-7, whereas MIA PaCa-2 EMMPRIN knockdown cells
were implanted in group 2. Dosing with anti-EMMPRIN
antibody started immediately after implantation for groups
1-3 (residual tumor model) and at 21 days after cell
implantation for groups 4-7 (established tumor model).
Groups 3, 5, and 7 were treated with anti-EMMRPIN
antibody (0.2-1.0 mg) twice weekly for 2-3 weeks, whereas
the other groups served as the control. In the residual
tumor model, tumor growth of anti-EMMPRIN-treated
group was successfully arrested for 21 days (15+4 mm?),
which was significantly lower than that of the EMMPRIN
knockdown group (80 15 mm?; P=0.001) or the control
group (240 + 41 mm?; P<0.001). In the established tumor
model, anti-EMMPRIN therapy lowered tumor volume
increase by approximately 40% compared with the control,
regardless of the dose amount. Ki67-expressed cell density
of group 5 was 939 + 150 mm 2, which was significantly

Introduction

Pancreatic cancer results in the highest fatality rate of
all cancers and is the fourth leading cause of cancer
death, regardless of sex and race in the USA. Pancreatic
cancer presents with nonspecific and various symptoms,
which may lead to late-stage disease at diagnosis,
and therefore approximately 85% of newly diagnosed
pancreatic cancers are unresectable [1]. Median life
expectancy from the time of diagnosis is approximately
3—6 months, and only 4% of patients survive for more than
5 years.

Gemcitabine is the first-line treatment agent for
unresectable pancreatic cancer, but its therapeutic
efficacy is modest [2]. Although radiation therapy may
provide a small benefit of patient survival when combined
with gemcitabine [3], dual combination chemotherapy
with gemcitabine and any gastrointestinal chemothera-
peutic agent such as 5-fluorouracil, cisplatin, irinotecan,
or oxaliplatin did not improve survival [4-7]. The triple
therapy with 5-fluorouracil, irinotecan, and oxaliplatin
presented significant improvement of survival over
gemcitabine monotherapy, but the benefit was still
minimal [8]. More recently, targeted therapies through
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lower than that of group 4 (1709 +145 mm~2; P=0.006).
Microvessel density of group 5 (30 =6 mm™~2) was also
significantly lower than that of group 4 (535 mm ™2
P=0.014), whereas the microvessel size of group 5

(191 £22 ym?) was significantly larger than that of group 4
(113126 um?; P=0.049). These data show the high
potential of anti-EMMPRIN therapy for pancreatic cancer
and support its clinical translation. Anti-Cancer Drugs
22:864-874 © 2011 Wolters Kluwer Health | Lippincott
Williams & Wilkins.
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anti-epidermal growth factor receptor (EGFR) and anti-
vascular endothelial growth factor (VEGF) approaches
were investigated. However, cetuximab (anti-EGFR
antibody) or bevacizumab (anti-VEGF antibody) in
combination with gemcitabine did not present any
additive efficacy over gemcitabine monotherapy [9,10],
whereas erlotinib (a small molecule targeting EGFR)
together with gemcitabine modestly improved the
survival [11].

EMMPRIN, also designated CD147 or basigin, is a
membrane-bound glycoprotein, highly expressed on most
cancer cells, but limited in normal cells [12]. The
detailed mechanisms of EMMPRIN are not clearly
revealed [13-15], but it is well known that EMMPRIN
stimulates the production of matrix metalloproteinases
(MMPs) from surrounding stromal cells [16-18]. EMM-
PRIN promotes MMP production in an autocrine manner
as well [19]. MMPs play a pivotal role to degrade
extracellular matrix (ECM) components in pancreatic
cancer, leading to tumor cell invasion and metastasis [20].
EMMPRIN also elevates urokinase-type plasminogen
activator and its receptor of both endothelial and
tumor cells, actively involving with ECM degradation
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process [21]. Furthermore, EMMPRIN derives tumor
neovascularization through stimulating VEGF isoforms
and their receptor VEGF receptor-2 by stimulating
hypoxia-inducible factor [22]. In one study, EMMPRIN
expression was positively correlated with tumor progres-
sion and with decreased tumor-specific survival [23]. Of
interest, pancreatic cancer expresses high levels of
EMMPRIN (87%) [12], and it is surrounded by
extremely rich and dense fibrotic stroma [19,24]. Anti-
EMMPRIN therapy inhibits the expression and function
of monocarboxylate transporters, which prevents the
lactate production from cells and thereby reduces the
tumor invasion [25]. Efficacy of the anti-EMMPRIN
approach using monoclonal antibody (CNT03899; Cen-
tocor Ortho Biotech Inc., Horsham, Pennsylvania, USA)
was recently confirmed for head and neck squamous cell
carcinoma [26,27]. All of these findings strongly suggest
EMMPRIN as a promising target for effective pancreatic
cancer treatment.

We developed a novel murine monomeric monoclonal
antibody (IgG1 «; clone name: 1A6) specifically targeting
human EMMPRIN; and the subject of this report was to
test the feasibility of anti-EMMPRIN therapy for
pancreatic cancer using animal models longitudinally
with ultrasound imaging (USI), T2-weighted magnetic
resonance imaging (T2W MRI), and diffusion-weighted
imaging (DWI). Although high anticancer effect of
CN'TO3899 was demonstrated in in-vitro [26] or ex-vivo
setups [27], the therapeutic efficacy should be revali-
dated with in-vivo animal models. Furthermore, ortho-
topic implantation is important to reflect the unique
environment of primary pancreatic cancer, which may
improve the predictability of human tumor response. We
used two orthotopic pancreatic cancer xenograft animal
models, a postsurgical residual tumor model, and an
established solid tumor model.

High-frequency, B-mode, two-dimensional (2D) USI is a
time-efficient and cost-efficient noninvasive in-vivo
imaging method, enabling longitudinal measurement of
abdominal tumor volume [28], and was previously used to
measure the sizes of orthotopic pancreatic tumor
xenografts after anti-DR5 therapy and chemother-
apy [29,30]. T2W MRI is also a noninvasive imaging
technique to assess tumor volume [31]. In contrast to 2D
USI, T2W MRI can capture the three-dimensional image
of the entire tumor mass. The accuracy of tumor volume
measurement by T2W MRI was compared with that by
USI. DWI is a physiologic MRI technique; the extra-
cellular water is increased during early apoptosis and/or
necrosis of cancer cells, raising intratumoral apparent
diffusion coefficient (ADC) values, which can be
measured by DWI in high sensitivity [32-35]. DWI was
successfully applied for orthotopic pancreatic cancer
xenografts to evaluate early therapy response [36].
Increased apoptosis was recently observed in head and neck
squamous cell carcinoma responding to anti-EMMPRIN
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therapy [27]. DWI and subsequent histological validation
were performed to assess whether apoptosis is induced by
anti-EMMPRIN therapy in the established pancreatic
cancer murine model.

Materials and methods

Reagents and cell lines

All reagents were from Fisher (Pittsburg, Pennsylvania,
USA), unless otherwise specified. Purified monomeric
monoclonal anti-EMMPRIN antibody (mouse origin
IgG1l K) was provided by Dr Tong Zhou (UAB,
Birmingham, Alabama, USA). Fresh Tc-99m pertechne-
tate was purchased from Birmingham Nuclear Pharmacy
(Birmingham, Alabama, USA). The human pancreatic cell
line, MIA PaCa-2, was a gift from Dr M. Hollingsworth
(University of Nebraska). MIA PaCa-2 cells were
cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Mediatech Inc., Herndon, Virginia, USA)
supplemented with 10% fetal bovine serum (Hyclone,
Logan, Utah, USA).

Extracellular matrix metalloproteinase reduction
(knockdown) in MIA PaCa-2 cells

Short hairpin RNA (shRNA) lentiviral particle delivery
system was used to generate EMMPRIN knockdown
MIA PaCa-2 tumor cell lines according to the manufac-
turer’s instructions (Clontech, Mountain View, California,
USA) as follows: DNA oligonucleotide (listed below)
specifically targeting EMMPRIN was cloned into pLLVX-
shRNALI vector. The vector with EMMPRIN shRNA was
subsequently packaged into lentiviral particles. The
lentiviral particles were then transduced into MIA
PaCa-2 cells, whereas the control MiaPaCa-2 cells were
transduced with an empty vector control plasmid.
MiaPaCa-2 cells with either vector control or shRNA
EMMPRIN were derived from pools of cells resistant to
puromycin. After selection under puromycin (1 pg/ml),
the drug-resistant cells were assessed using a flow
cytometer (Accuri C6; Accuri Cytometers Inc., Ann
Arbor, Michigan, USA) for EMMPRIN expression and
were further confirmed by western blot. DNA sequences
used for targeting EMMPRIN are as follows:

SiE: GCAGCACCAGAATGACAAATTCAAGAGATTTG
TCATTCTGGTGCTGCTTTTTTG

Succinimidyl 6-hydrazinonicoinate conjugation and
radiolabeling

Succinimidyl 6-hydrazinonicoinate (HYNIC) conjugation
and radiolabeling were conducted for in-vitro binding
assay by Scatchard analysis. Fresh 1.8 mmol/l solution of
HYNIC (courtesy of Dr Gary Bridger, AnorMED Inc.,
Langley, British Columbia, Canada) in dimethylform-
amide was prepared. Forty picomoles was transferred to
glass vials followed by freezing at —90°C, and then the sol-
utions were vacuum dried using an Advantage Bench-top
Freeze Dryer (Virtis Co. Inc., Gardiner, New York, USA)
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with the shelf temperature at —75°C and trap at —90°C.
The vials were sealed under vacuum and kept frozen at
—80°C until use. Each vial was reconstituted with 1.0 ml
of sodium phosphate buffer (0.15mol/l; pH 7.80)
containing 1 mg of anti-EMMPRIN antibody (HYNIC/
antibody molar ratio = 6). After a 3-h incubation at room
temperature, the mixture was transferred to a Slide-A-
Lyzer dialysis cassette with a molecular weight cutoff of
10000 (Pierece, Rockford, Illinois, USA) and then im-
mersed into 1000 ml of phosphate-buffered saline (PBS,
pH 7.4) overnight at 4°C. The radiolabeling yield was
approximately 60%. The HYNIC-modified anti-EMM-
PRIN antibody was labeled with Tc-99m using SnCly/
tricine as the transfer ligand [37], and the unbound Tc-99m
was removed by G-25 Sephadex size-exclusion chromato-
graphy. The protein concentrations of the collected
fractions were measured by the assay conducted by Lowry
et al. [38]. The level of Tc-99m binding to anti-EMMPRIN
antibody was greater than 95%, as measured by thin layer
chromatography using separate strips eluted with saturated
saline and methyl ethyl ketone.

In-vitro binding assay

MIA PaCa-2 cells (or EMMPRIN knockdown MIA PaCa-2
cells) were plated in separate 24-well plates, respectively
(500 000 cells per well) and incubated overnight at 37°C in
culture medium (DMEM, with 2 mmol/l of L-glutamine,
1 mmol/l of sodium pyruvate, 10% fetal bovine serum; pH
7.4; 0.2ml/well). The Tc-99m-labeled anti-EMMPRIN
antibody was diluted in binding buffer (DMEM, with
30 mmol/l of HEPES, 2 mmol/l of L-glutamine, 1 mmol/l of
sodium pyruvate, 1% bovine serum albumin; pH 7.4) to
seven to eight concentrations; the highest incubation
concentration was approximately 1nmol/l, with 2-fold
subsequent dilutions. Each concentration was in duplicate;
a third well at each concentration included excess
unlabeled anti-EMMPRIN antibody (41.6 pg per well) for
blocking. This control was needed to measure nonspecific
binding. The Tc-99m-anti-EMMPRIN antibody was in-
cubated with the live, attached cells for 1 h at 37°C. The
free Tc-99m anti-EMMPRIN antibody (not bound to cells)
was washed off with 0.2 ml of ice-cold Hank’s Balanced Salt
Solution (pH 7.2), and 0.2ml of NaC,H3;0, Hank’s
Balanced Salt Solution (pH 4.0) was added to each well
and incubated for 5 min at room temperature to isolate the
acid-labile component, presumably the surface-bound
component. After the acid-labile fraction was collected,
0.2ml of NaOH (1 mol/l) was added to each well and
incubated for 10 min at room temperature to isolate the
binding component that was not removed with the original
acid wash. This binding component was referred to as the
acid-stable component, and was obtained by dissolving the
cells. This component would represent internalized anti-
body, or surface-bound antibody that was resistant to the
acid washing. All acid-stable fractions were assayed for
protein concentration, as were known numbers of cells to
determine the protein content. The Tc-99m activity in the

samples was measured using a y-ray counter (MINAXIy
Auto-gamma 5000 series Gamma Counter manufactured by
Packard Instrument Company, Grove, Illinois, USA). The
binding assays were repeated three times independently
per cell line. The data were analyzed using Graphpad Prism
(version 4.0, San Diego, California, USA) after correction of
Tc-99m for decay, and after correction for nonspecific
binding. Data were fitted with nonlinear regression analyses
assuming one site of binding, enabling the determination of
the binding affinity (Ky) and the number of EMMPRIN
(assuming 1 antibody per EMMPRIN) [39,40]. As total
cells were known, the EMMPRIN number per cell could
be determined.

Animal modeling

Animal experiments were reviewed and approved by the
Institutional Animal Care and Use Committee. Seven
groups of female SCID BALB/c mice (NCI-Frederick
Animal Production Program, Fredrick, Maryland, USA;
4-6 weeks old; » =12 for groups 1 and 2, » = 10 for group
3, n =17 for group 4, n = 6 for group 5, and » = 5 for groups
6 and 7) were used. MIA PaCa-2 cells were implanted
into groups 1 and 3-7, whereas EMMPRIN knockdown
MIA PaCa-2 tumor cells were implanted into group 2.
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 a
solution of 2.5 x 10° MIA PaCa-2 cells (or EMMPRIN
knockdown MIA PaCa-2 cells) in 30 ul of DMEM was
injected into the tail of the pancreas. The skin and
peritoneum were closed in a layer with two interrupted
5-0 Prolene sutures. For groups 1-3, dosing and imaging
were started immediately after cell implantation to model
postsurgical residual tumors, whereas, for groups 4-7,
these were started at 21 days after cell implantation to
model established pancreatic tumors. Groups 1 and 2
were intraperitoneally injected with PBS, whereas group
3 was intraperitoneally injected with anti-EMMPRIN
antibody (0.2 mg), twice weekly for 3 weeks with weekly
USI. Groups 4 and 5 were intraperitoneally injected with
PBS (serving as control) and anti-EMMPRIN antibody
(0.2mg), respectively twice weekly for 3 weeks with
weekly USI. Groups 6 and 7 were intraperitoneally in-
jected with PBS and anti-EMMPRIN antibody (1 mg),
respectively twice weekly for 2 weeks, with weekly USI,
T2W MRI, and DWI; USI was applied for all animals of
groups 3 and 4, whereas T2W MRI and DWI were applied
for randomly selected animals (z = 3 from group 6, » =4
from group 7). All animals were anesthetized using
isoflurane gas (1-2%) during imaging.

Ultrasound imaging

USI was performed using a VisualSonics VEVO 660 high-
frequency, high-resolution ultrasound instrument with a
40-MHz probe (Toronto, Ontario, Canada). Animals were
placed in the supine position for examination with
B-mode imaging [28]. The largest diameter was found
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in the anterior—posterior plane, and this diameter as well
as a transverse diameter were measured. Then, the ultra-
sound probe was rotated 90° to measure the largest
diameter in the sagittal plane. The tumor volume was
calculated using the following equation, volume = xyz (),
where x, 3, and z are the three orthogonal diameters of a
tumor. US-image acquisition and analysis were conducted in
a blinded manner.

Magnetic resonance imaging

Small animal T2W MRI and DWI were performed on a
Bruker BioSpec 9.4T system (Bruker BioSpin Corp.,
Billerica, Massachusetts, USA). The animal was placed in
an animal bed equipped with circulating warm water to
regulate body temperature during scans. An orthogonally
bent plastic board was used to prevent the transfer of the
respiratory motion in the chest-to-abdominal area. Tumor
was imaged using a combination of a 1H volume
resonator/transmitter and a surface coil receiver (Bruker
BioSpin Corp.). An magnetic resonance-compatible small
animal respiratory gating device (SA Instrument Inc.,
Stony Brook, New York, USA) was used during scans.
T2W MRI was performed using a spin-echo sequence
(Rapid Acquisition with Relaxation Enhancement) with
the following acquisition parameters: repetition time/
echo time =2000/48.8ms, 128 x 128 matrix, and a
30 x 30-mm field of view. Continuous 1 mm-thick slices
were used to cover the entire tumor region. DWI data
were collected using a standard spin-echo sequence with
four b-factors (5, 300, 600, and 1000 s/mrnz). The
acquisition parameters are as follows: repetition time/
echo time = 2500/32 ms, diffusion separation time = 16 ms,
diffusion gradient duration = 6 ms, 128 x 128 matrix, and
a 30 x 30-mm field of view. A total of three to five 1 mm-
thick slices were acquired to cover tumor regions of interest
in an interlaced mode. Tumor volume was measured by
summing all voxels inside the tumor boundary of T2W
MR images. Segmentation of the tumor volume was
performed based on the signal intensity between the
region of interest and the background using Image],
version 1.40g (National Institutes of Heath, Bethesda,
Maryland, USA). The ADC value of each pixel of the
segmented tumor region was determined from the best-
ficting linear function, In/, = In/y — (ADC x &), where
I, was the intensity on the pixel with 4, and /, was the
intensity on the pixel with 4 = 0. The final ADC value of
a tumor was obtained by averaging all ADC values in the
entire tumor region. The ADC and tumor volume
quantification were implemented using computer soft-
ware developed with Labview, version 8.5 (National
Instruments Co., Austin, Texas, USA).

Histological analyses

At day 42, terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL), Ki67, and CD31 staining
were performed for tumor tissues of groups 4 and 5 (=5
selected randomly per group), with the same procedure
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as reported previously [41,42]. Two digital microphoto-
graphs were taken away from areas of necrosis, but were
otherwise randomly selected for each tumor slice that had
undergone TUNEL ( x 100), Ki67 ( x 100), or CD31
(% 200) staining, using SPOT camera on an Olympus
1 x 70 microscope (Olympus Optical Co., Tokyo, Japan),
interfaced with a personal computer and SPOT software.
The apoptotic (TUNEL) or proliferating (Ki67 expres-
sing) cells were segmented by the signal-intensity
difference between the target cells and background in
each photograph, whereas the intensity and minimum
particle size thresholds were determined manually. Then,
the target cells were counted, and the cell density (cell
number/mm?) was calculated. The cell densities of the
two photographs for each tumor slide were averaged. The
CD31-stained area was segmented in the same way, and
the area fraction (CD31-stained area/total area), consid-
ered as endothelial cell density, was calculated. Further-
more, the number and size of microvessels were
quantified, and the microvessel density (vessel number/
mm?) and microvessel size (um?) are presented. The
image analysis was performed using Image], version 1.40g
(National Institute of Heath).

Statistical analyses

One-way analyses of variance (ANOVAs) was carried out
using SAS, version 9.2 (SAS Institute Inc., Cary, North
Carolina, USA) to compare MIA PaCa-2 versus EMM-
PRIN knockdown MIA PaCa-2 cells for binding affinity of
Te-99m-anti-EMMPRIN antibody (Ky4) and EMMPRIN
number per cell [43]. ANOVA was also used for
comparison of proliferating or apoptotic cell densities.
SPSS, version 16.0 (SPSS Inc., Chicago, Illinois, USA)
was used to compare tumor volume (or ADC) changes
among groups over 2-3 weeks using two-way repeated
measures of ANOVA [44]. P values of less than 0.05 were
considered significant. Data are presented as mean *+
standard error.

Results

Flow cytometry and western blotting analyses

To evaluate the function of EMMPRIN in pancreatic
tumor growth and progression, MIAPaCa-2 stably silenced
for EMMPRIN expression (SiE), as well as cells with
vector as control, were generated. The EMMPRIN
expression of these cells was verified by flow cytometry
and by western blot (Fig. 1a and b). EMMPRIN level of
SiE-silenced cells are 29.3% of that of vector as control
cells, which is generated by comparison of immunofluor-
escence and western blot band densities.

In-vitro binding assay

An in-vitro binding assay determined the specific binding
affinity (Ky) of Tc-99m-labeled anti-EMMPRIN antibody
and the number of EMMPRIN per cell for MIA PaCa-2 or
EMMPRIN knockdown MIA PaCa-2 cells. Figure 2 shows
representative Scatchard plots for Tc-99m—anti-EMMPRIN
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Fig. 1
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Validation of EMMPRIN expression. (a) Extracellular matrix metalloproteinase (EMMPRIN) expression evaluated by flow cytometry, when MIAPaCa-2
was transduced by lentiviral particles carrying vectors with EMMPRIN short hairpin RNA SiE1 or vector as control (VC). The cells were stained with
fluorescein isothiocyanate (FITC)-conjugated anti-human EMMPRIN antibodies. (b) Verification of EMMPRIN expression by western blotting assay.
Cell lysates from control cells as well as from EMMPRIN-silenced cells were subjected to western blotting using antibody against EMMPRIN. B-actin

was used as a loading control.

antibody binding to EMMPRIN expressed on (a) MIA
PaCa-2 and (b) EMMPRIN knockdown MIA PaCa-2
cells, after correction for nonspecific binding (insets are
saturation binding curves). The Ky for the acid-stable
binding component in MIA PaCa-2 cell line was
4.31 = 0.59 nmol/l, which was not significantly different
from that in the EMMPRIN knockdown MIA PaCa-2 cell
line (2.83 = 0.27 nmol/l; P =0.084). However, the num-
ber of EMMPRIN per cell was 582 000 = 56 000 for MIA
PaCa-2 cells, which was significantly higher than for
EMMPRIN knockdown MIA PaCa-2 cells (220000 =
89000; P =0.026). The acid-labile binding components
were too small to be quantitatively assessed in both the
cell lines (data not shown).

In-vivo ultrasound imaging

In-vivo USI detected high therapeutic efficacy of anti-
EMMPRIN antibody for both the postsurgical residual
and for established MIA PaCa-2 tumor models. Figure 3a
shows the representative ultrasound image of an ortho-
topic pancreatic tumor xenograft, showing two orthogonal
dimensions and tumor boundary with a white dotted
circle. Figure 3b shows the tumor volume changes of
groups 1-3 (postsurgical residual tumor model) for 3 weeks
after therapy initiation. The tumor volumes of groups 1-3
on day 15 were 66 + 17,21 =5, and 4 = 2 mm’® respectively,
and 240 + 41, 80 = 15, and 15+ 4mm?>, respectively on

day 21; tumor growth of group 3 treated with anti-
EMMPRIN antibody was significantly lower than that of
the control group (group 1; P < 0.001) or the EMMPRIN
knockdown group (group 2; P =0.001), whereas tumor
growth of group 2 was also significantly lower than that of
group 1 (P =0.002).

Figure 3c shows the tumor volume changes of groups 4
and 5 (established tumor model) for 3 weeks after
therapy initiation, when the tumor volumes were normal-
ized to the values on day 21; the mean tumor volume of
the two groups on day 21 was 85 = 9mm?® without
statistical difference (P =0.500). The tumor volume
changes of group 4 were 182 * 33, 395+ 107, and
625 = 166% on days 28, 35, and 42 respectively, whereas
those of group 5 were 91 £7, 163 =27, and 329 + 39%
respectively during the same time. The tumor volume
increase was approximately 40% reduced by anti-EMM-
PRIN therapy in average, but not statistically significant
(P =0.083).

Figure 3d shows the tumor-volume changes of groups 6
and 7 for 2 weeks after therapy initiation, testing the
higher dose of anti-EMMPRIN antibody (1 mg) in the
established tumor model; the tumor volumes were
normalized to the values on day 21, and the mean tumor
volume of the two groups was 142 = 11 mm® on day 21
without statistical difference (P =0.230). The tumor
volume changes of group 6 were 217 = 55 and 405 = 96%
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Representative scatchard plots of Tc-99m-labeled anti-extracellular matrix metalloproteinase (EMMPRIN) antibody binding to (a) MIA PaCa-2 cells or
(b) EMMPRIN knockdown MIA PaCa-2 cells (the acid-stable binding components are shown). Inserts are saturation binding curves.

on days 28 and 35, respectively, whereas those of group 7
were 89 +27 and 144 = 41%, respectively during the
same time. The tumor volume increase of group 7 was
approximately 46% lower than that of group 6 with
statistical significance (P = 0.043).

In-vivo magnetic resonance imaging

In-vivo T2W MRI presented that the tumor volume
change after anti-EMMPRIN treatment was significantly
lower than that of the control group in higher accuracy
than USI did, although intratumoral ADC increase was
not detected. Figure 4a shows a representative set of DW
images at four 4 values (5, 300, 600, and 1000 s/mm?) with
the same gray scaling, and the ADC map calculated from
the DW images; tumor location is indicated with a white
arrow in the first subfigure. Figure 4b shows the tumor
volume changes of mice randomly selected from groups 6
(#=3) and 7 (n=4) for 2 weeks postdose initiation,
analyzed using T2W MR images. The tumor volume
changes of group 6 were 153 + 30 and 334 + 52% on days
28 and 35, respectively, whereas those of group 7 were
46 =11 and 112 = 11%, respectively during the same
time, with statistical difference between the two groups
(P =0.002); the averaged coefficient of variation of tumor
volume changes on each time point relative to day 21 was
0.32 = 0.06 (7 =4; n =2 per each time point), which was
significantly lower than that analyzed by USI shown
in Fig. 3d (0.61 = 0.04; P = 0.005), showing an improved
accuracy of tumor volume assessment. Figure 4c shows
the intratumoral ADC changes of groups 6 and 7 for 2
weeks after treatment initiation; the mean ADC value of
the two groups on day 21 was 0.00100 = 0.00008 mm?/s
without statistical difference (P = 0.437). The averaged
ADC values of both the groups decreased over time,
whereas the magnitude of ADC decrease of group 6 was
approximately 10% lower than that of group 7 on either
day, but was not statistically different (P = 383).

Histological analysis

Histological analysis detected the significantly reduced
tumor cell proliferation and microvessel density due to
anti-EMMPRIN therapy, but did not detect the change
of apoptotic cell density. Figure 5a shows the representa-
tive microphotographs of Ki67-stained, TUNEL-stained,
and CD31-stained tumor slices (5-um thickness) of
groups 4 and 5, whereas the proliferating (Ki67 stained),
apoptotic (TUNEL stained), and endothelial (CD31
stained) cells are indicated with black arrows in each
subfigure. Figure 5b shows the Ki67-expressed cell
densities (cell number/mm?) of groups 4 and 5 (=5
per group), and that of group 4 was 1709 + 145 mm %,
which was significantly higher than that of group 5
(939 = 150 mm~% P= 0.006). Figure 5c shows the TUNEL-
stained cell densities (cell number/mm?) of groups 4
and 5, and that of group 4 (81 % 14mm~%) was not
statistically different from that of group 5 (81 = 15mm ™
P =10.994). Figure 5d shows the microvessel densities
(vessel number/mm?) and microvessel size (umz) of
groups 4 and 5; microvessel density of group 5
(60 = 11 mm~?%) was significantly lower than that of group
4 (106 =10 mm; P =0.014), whereas the microvessel
size of group 5 (323 +37um?) was significantly larger
than that of group 4 (190 =43 pum?* P =0.049). The
endothelial cell density of group 5 (1.07 = 0.12%) was also
significantly lower than that of group 4 (1.62 %= 0.16%;
P=0.0376).

Discussion

To our knowledge, this is the first report of anti-
EMMPRIN therapy in pancreatic cancer murine models.
Of note, higher antitumor effect was demonstrated in the
postsurgical residual tumor model. Anti-EMMPRIN
therapy prevents remodeling of ECM for neovasculariza-
tion [22], and therefore avascular tumor growth can be
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In-vivo ultrasound image analysis of tumor response. (a) Representative two-dimensional ultrasound image of an orthotopic pancreatic tumor
xenograft showing two orthogonal dimensions, whereas the tumor boundary is indicated with a white dotted circle. (b) Tumor volume change after
intraperitoneal injection of phosphate-buffered saline (PBS) (groups 1 and 2) or 0.2 mg of anti-extracellular matrix metalloproteinase (EMMPRIN)
antibody (group 3) twice weekly for 3 weeks when dosing started immediately after cell implantation (postsurgical residual tumor model). (c) Tumor
volume changes after intraperitoneal injection of PBS (group 4) or 0.2 mg of anti-EMMPRIN antibody (group 5) twice weekly for 3 weeks, when
dosing started at 21 days after cell implantation (established tumor model). (d) Tumor volume changes after intraperitoneal injection of PBS (group 6)
or 1 mg of anti-EMMPRIN antibody (group 7) twice weekly for 2 weeks, when dosing started at 21 days after cell implantation. Different Greek letters
represent statistical difference among the groups during the entire therapy period.

effectively constrained. However, once a tumor enters the
vascular phase and the surrounding ECM is degraded, the
growth control by the anti-EMMPRIN approach might
be diminished. Thus, anti-EMMPRIN therapy will be
presumably most effective in adjuvant setting or for
tumor prevention. The EMMPRIN knockdown tumor
cells had a 62% reduction in the number of EMMRPIN
per cell on average by the in-vitro assay, which is
comparable with in-vivo data showing a 67% smaller size
on average of EMMPRIN knockdown tumors than those
of control tumors on either day 15 or 21. These data
support the proposed mechanism that the antitumor

growth effect was mainly dependent on blocking the
extracellular signaling of EMMPRIN. A biodistribution
study of anti-EMMPRIN antibody was performed, and no
significantly higher uptakes were noticed in any normal
organs except spleen (data not shown). This may re-
present the possibility that anti-EMMPRIN antibody has
cross-reactivity on murine monocyte and potential toxicity
against it, but more studies will need to be followed to
validate it.

Anti-EMMPRIN therapy lowered pancreatic cancer cell
proliferation and microvessel density; 43% of microvessel
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phosphate-buffered saline and anti-extracellular matrix metalloproteinase (EMMPRIN) antibody (1.0 mg) twice weekly for 2 weeks, respectively.
Different Greek letters represent statistical difference between groups 6 and 7 during 2 weeks.

density was reduced, which is fairly comparable with the
45% decrease of cell proliferation. This may indicate that
the antiangiogenic effect induced by anti-EMMPRIN anti-
body could be a major cause for the growth suppression of
the established tumors. Of interest, the mean microvessel
size was significantly larger when treated with anti-
EMMPRIN antibody. This is primarily due to the suppres-
sion of neovascularization; the averaged vessel size would be
larger when small vessels were not present. Furthermore,
antineovascularization may release the tumor interstitial
pressure, and thereby expand the compressed vessels.

However, anti-EMMRPIN therapy did not induce
apoptosis as shown in ADC and histological analyses.
We also implemented an in-vitro cell-viability assay using
two different human pancreatic cancer cell lines, MIA
PaCa-2 and PANCI1, but no cytotoxic efficacy of anti-
EMMPRIN therapy was measured (data not shown).
However, activated caspase-3 and DNA fragmentation were
increased when EMMPRIN was knocked down in breast
cancer cells [45], and more recently an increased apoptosis
after anti-EMMPRIN therapy was observed in 17 human
head and neck tumor tissues among a total of 22 samples
(77%) [27]). Bougatef e al [46] demonstrated that
EMMPRIN inhibited melanoma cell apoptosis, while
promoting migration and proliferation of these cells by

upregulating VEGF receptor-2. Perhaps EMMPRIN may
minimally function for apoptosis control in pancreatic cancer
cells, while future studies with various pancreatic cancer cell
lines should be followed for better understanding of this data
inconsistency. The decrease of intratumoral mean ADC
values over time is presumably due to the increase of cell
density in pancreatic tumor xenografts, which was observed
in our previous study as well [36].

We used only one human pancreatic cancer cell line, MIA
PaCa-2, in the in-vivo animal studies for comparison with
our previous anti-DR5 and anti-EGFR studies using the
same cell line [36,47]. However, as the therapeutic effect
of anti-EMMPRIN antibody is modest in the established
solid tumor model, the antibody effect for nonresectable
pancreatic tumors may need to be further validated using
more human pancreatic cancer cell lines. Ideally, it will be
necessary to use a pancreatic tumorgraft model to predict
human cancer response with greater accuracy; the tumors
that directly transferred from patients into animals
without the culturing process, called tumorgraft, closely
mirror the primary tumors. The tumorgrafts created by
Fiebig et al. [48] predicted a sensitive response in 90%
and a resistant response in 97% of patients, and we are
currently developing the pancreatic tumorgraft modes for
evaluating anti-EMMPRIN antibody.
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Histological analysis of tumor response. (a) Representative Ki67-stained (x 100), terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL)-stained (x 100), and CD31-stained (x 200) slices of MIA PaCa-2 tumors collected on day 42, when the intraperitoneal injection of
phosphate-buffered saline (PBS, group 4) or 0.2 mg of anti-extracellular matrix metalloproteinase (EMMPRIN) antibody (group 5) started on day 21
twice weekly for 3 weeks. Proliferating (Ki67 stained), apoptotic (TUNEL stained), and endothelial (CD31 stained) cells are indicated with black
arrows in each subslice. (b) Proliferating cell density (cell number/mm®), (c) apoptotic cell density, and (d) microvessel density and size of groups 4
and 5 with P values. In panel d, black bars represent microvessel density, and gray bars represent microvessel size.

The limited expression of EMMPRIN in normal cell
types may allow anti-EMMPRIN therapy in combination
with other chemotherapeutic agents such as gemcitabine
in an acceptable level of side effect [12]. Furthermore,
the suppressed angiogenesis through anti-EMMPRIN
antibody may improve the normalization of tumor
microvasculature, leading to the decrease of tumor
interstitial fluid pressure [14], which may enhance the
delivery efficiency of a drug when used in combina-
tion [49]. An improved drug delivery may result in
therapeutic synergy [50]. Anti-EMMPRIN therapy may
lead to synergy in combination with DRS5-targeted
therapy by inducing apoptosis while preventing tumor
invasion and metastasis, because anti-DR5 therapy
induces DRS5 aggregation-triggering apoptosis [51], and

because high levels of DRS expression were observed in
pancreatic cancer stem cells [52].

USI assessed the volume of orthotopic pancreatic tumor
xenografts longitudinally with good accuracy. The tumor
volume changes measured by USI were not significantly
different from those by T2W MRI, but the coefficient of
variation was approximately twice higher. The statistical
significance between groups 4 and 5 could be detected if
T2ZW MRI were used to assess tumor volume, as
histological analysis validated the significantly reduced cell
proliferation after anti-EMMPRIN therapy. As 2D USI
produces a cross-sectional image of an object at an arbitrary
angle, higher variability of the size measurement is inevit-
able. Instead, the hand-free 2D array scanning technique

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



using a 2D USI probe would be used for capturing the
whole tumor volume image with extended acquisition and
analysis time, or a 3-dimensional US imager could also be
used to improve the measurement accuracy [53].
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