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RESEARCH ARTICLE
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California, San Diego, San Diego, CA, United States of America

* cmalone@ucsd.edu

Abstract

Purpose

The ability to detect small malignant lesions with magnetic resonance imaging (MRI) is lim-

ited by inadequate accumulations of Gd with standard chelate agents. To date, no T1-tar-

geted agents have proven superiority to Gd chelates in their ability to detect small tumors at

clinically relevant field strengths. Activatable cell-penetrating peptides and their Gd-loaded

dendrimeric form (ACPPD-Gd) have been shown to selectively accumulate in tumors. In

this study we compared the performance of ACPPD-Gd vs. untargeted Gd chelates to

detect small tumors in rodent models using a clinical 3T-MR system.

Materials and Methods

This study was approved by the Institutional-Animal Care-and-Use Committee. 2 of 4 inguinal

breast fat pads of 16 albino-C57BL/6 mice were inoculated with tumor Py8119 cells and the

other 2 with saline at random. MRI at 3T was performed at 4, 9, and 14 days after inoculation

on 8 mice 24-hours after injection of 0.036mmol Gd/kg (ACPPD-Gd), and before and 2–3

minutes after 0.1 mmol/kg gadobutrol on the other 8 mice. T1-weighted (T1w) tumor signal

normalized to muscle, was compared among the non-contrast, gadobutrol, and ACPPD-Gd

groups using ANOVA. Experienced and trainee readers blinded to experimental conditions

assessed for the presence of tumor in each of the 4 breast regions. Receiver operator charac-

teristic (ROC) curves and area-under-curve (AUC) values were constructed and analyzed.

Results

Tumors�1mm3 were iso-intense to muscle without contrast on T1w sequences. They

enhanced diffusely and homogeneously by 57±20% (p<0.001) 24 hours after ACPPD-Gd
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and by 25±13% (p<0.001) immediately after gadobutrol. The nearly 2-fold difference was

similar for small tumors (1-5mm3) (45±19% vs. 19±18%, p = 0.03). ACPPD-Gd tended to

improve tumor detection by an experienced reader (AUC 0.98 vs 0.91) and significantly

more for a trainee (0.93 vs. 0.82, p = 0.02) compared to gadobutrol. This improvement was

more pronounced when obvious tumors (>5mm3) were removed from the ROC analysis for

both the experienced observer (0.96 vs. 0.86) and more so for the trainee (0.86 vs. 0.69, p =

0.04).

Conclusion

ACPPD-Gd enhances MMP-expressing tumors of any size at 3T 24 hours after administra-

tion, improving their detection by blinded observers when compared to non-contrast and

contrast groups given commercial Gd-chelates and imaged during the equilibrium phase.

Introduction
Early and accurate detection of malignant lesions is essential for complete eradication [1]. Con-
trast-enhanced magnetic resonance (MR) imaging with T1-shortening gadolinium (Gd)-che-
lates plays an important role in detecting tumors relying on their pattern, rate, and degree of
enhancement. Although these patterns improve characterization, MRI remains limited with
high false positive rates [2, 3].

Numerous T1 or T2 MR molecular imaging agents have been proposed to improve detec-
tion and characterization of malignant lesions. Many of these exhibit a tropism for an up-regu-
lated molecule or extracellular milieu unique to malignancies, such as estrogen receptor (ER)
[4], epidermal growth factor receptor (EGFR) [5], tyrosine phosphatase (PTPμ) [6], and matrix
metalloproteinases (MMPs) [7,8], among others. Their major challenge remains the poor sen-
sitivity of MR to the amount of reporter that accumulates within tumors to achieve sufficient
contrast-to-noise-ratio relative to background [9, 10].

MMPs are a family of proteases predominantly involved in extracellular matrix breakdown.
They promote tumor spread and are associated with more aggressive tumors, including the
breast triple negative subtype [11–16]. Therefore, tumor-MMPs are valuable markers for not
only detection, but also for recognizing aggressive tumors.

Activatable cell-penetrating peptides (ACPPs) consist of a polycationic peptide attached to
a charge neutralizing polyanion via a protease-cleavable linker, in this case an MMP cleavable
linker. While this linker is cleaved to some extent by a variety of MMPs, it is most specific for
MMP-2 and MMP-9 (MMP-2/-9) [17]. When the linker is cut, the polycation that carries the
Gd binds to and/or becomes internalized by surrounding cells, thereby increasing local Gd
concentration (Fig 1a and 1b) [17–20]. The agent used in this study is a 5th-generation
PAMAM dendrimer decorated with multiple ACPP and Gd-DOTA molecules (ACPPD-Gd),
which specifically enhanced tumors at 7T [20]. The dendrimer carrier both increases the in
vivo half-life of the molecule as well as increases the tumor uptake of gadolinium by 4 to 15
fold as compared to the free peptides, though at the expense of selectivity (four-fold for the free
peptide vs. two-fold for the conjugated ACPP’s) [20]. The preferential uptake of cleavable
ACPPD-Gd versus D-amino acid controls has been validated not only in other MMP-express-
ing tumor models [20], but also in acute stroke, where MMP-2/9 have also been shown to be
overexpressed [21]. In addition, we have validated this in vitro, as the ACPP attached to
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dendrimers used in our study are preferentially cleaved by recombinant MMP-2 and -9 result-
ing in several fold increased binding to Jurkat cells compared to when MMP-2/-9 are absent or
an uncleavable ACPP is exposed to MMP-2/-9 (Fig 1c).

Several MMP-2/9 sensitive molecular imaging agents have been made with similar selectiv-
ity [7,8,20,22]. However despite the multiple attempts at imaging MMP-2/9, it is unclear
whether imaging these molecules offers any potential clinical advantage in detecting smaller
tumor sizes than commercial Gd chelates. ACPPD labeled with Cy5 have already demonstrated
a substantial benefit in tumor resection performed with fluorescence guidance with added sur-
vival times and increased negative margin resections in tumor-bearing mice [23]. We hypothe-
sized that these agents linked to Gd would add a similar “clinical” benefit in animals by
increasing tumor detection capabilities versus the current standard clinical Gd-chelate agents.
Here we have taken the first step toward answering that question by injecting MMP-2/-9 pro-
ducing tumor cells or control saline into the mammary fatpads of mice and determining
whether the ACPPD-Gd agent offers an advantage over commercial Gd chelates for detecting
tumors of varying sizes. Tumors were injected into the fatpad in a blinded fashion and exam-
ined longitudinally. This is analogous to clinical radiologic imaging, in which tumors
“detected” early are often followed by imaging. Animals were imaged at clinical field strength

Fig 1. Overview of ACPPD-Gd structure and function. a, The overall structure of the ACPPD-Gd dendrimer as previously described (20). Here, the
payload consists of 36 Gd-DOTA and 1 Cy5 molecules for dual MR and fluorescence imaging. The PLGCmeAG peptide linker is cleaved in the presence of
the proteases MMP-2 and -9, which are upregulated in tumors. b, After tumor protease-dependent cleavage of the ACPP linker, the polycation and polyanion
peptides separate allowing the highly cationic polyarginine peptide, linked to the dendrimer with payload (Gd-DOTA and Cy5), to bind to tumor cells and
stroma. c, ACPPD-Gd is preferentially cleaved and binds to Jurkat cells in the presence of recombinant MMP-2 and MMP-9 in vitro. The dendrimer used in
our study demonstrated significantly higher binding to Jurkat cells in vitro after overnight incubation with MMP-2 and -9 as measured by Cy5 fluorescence,
compared to dendrimer incubated without MMPs and an uncleavable dendrimer (PLGCmeAG replaced by hexa(ethyleneoxy)) incubated in the presence of
MMPs under the same conditions. *** indicates p<0.001.

doi:10.1371/journal.pone.0137104.g001
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(3T), where inherent signal-to-noise-ratio (SNR) and spatial resolution are lower than at 7T.
As a control, we have chosen the small molecule Gd-DO3A-butrol (gadobutrol), a commercial
Gd chelate frequently used for clinical oncologic applications. We found that the MMP-2/9
sensitive agent improved radiologist performance relative to the small molecule gadolinium
agent and no injection.

AlthoughMRI is currently not a screening test for tumor detection, this is partly due to low
sensitivity/specificity of the currently available non-targeted contrast agents. In this study, we
show that ACPPD-Gd has higher sensitivity/specificity compared to untargeted Gd chelates in a
clinical 3T-MRI, suggesting that it may be useful as a screening tool in selected patient population.

Materials and Methods

Contrast Agent
ACPPD was synthesized according to previously reported methods [20] with minor modifica-
tions. Briefly, peptide Suc-e8-(Aop)-PLG-C(Me)-AG-r9-c-NH2 (Suc = succinyl, e = d-gluta-
mate, Aop = 5-amino-3-oxapentanoyl, C(Me) = S-methylcysteine, P = proline, L = leucine,
G = glycine, A = alanine, r = d-arginine, c = d-cysteine) was synthesized by standard Fmoc
chemistry and purified on HPLC. Six copies of peptides were then conjugated via their C-ter-
minal cysteines to a generation 5 poly(amidoamine) dendrimer via maleimide linkers. 36
DOTA and 1 Cy5 were then attached to the dendrimer through amide linkages. The remaining
free amine groups on the dendrimer were capped by reaction with a large excess of δ-glucono-
lactone in the presence of N-methylmorpholine for 3 days at room temperature. Methoxy-
PEG4-N-hydroxysuccinimide was added at the last step to ensure capping of any leftover free
amine groups on the dendrimer. The product was purified by membrane filtration with an
Amicon centrifugal filter (30KDa cutoff). Gd was chelated onto DOTA on the ACPPD by heat-
ing it with glycine buffer (pH 6) and GdCl3 at 40°C overnight. The number of Gd on ACPPD
was measured as described under Post mortem analysis. Molecular weight of the final dendri-
mer was approximately 29kDa, with a R1 relaxivity of 3.7(mM Gd)-1s-1 at 7 T [20].

In vitro Jurkat assay
The cleavable ACPPD used in this study and an uncleavable version (linker peptide replaced
by multiple PEG6 groups) were incubated overnight with and without 3.5μL MMP-2 and -9
cocktail at 37°C in Tris (20 mM) normal saline, 2 mM CaCl2, pH 7.5 buffer. Final dendrimer
concentration was 5 μM. The dendrimer/MMP mix was divided into triplicate samples and
incubated with Jurkat cells (4x106cells/ml) at 37°C for 15–20 minutes. Samples were spun
down and washed with Hank’s balanced salt solution (HBSS) 3 times, and the final pellet was
resuspended in 100μL HBSS. Final resuspensions were assayed for Cy5 intensity on a 96-well
plate reader at an excitation/emission (ex/em) of 640/680nm.

Animal Model
The University of California San Diego Institutional Animal Care and Use Committee
(IACUC) approved this research under protocol S04011. All steps were ensured to minimize
pain and suffering of all animals during the course of this experiment. Anesthesia during
tumor inoculation and MR imaging was isoflurane/O2. All animals were given free access to
food and water ad libitum during the entire study. Euthanasia involved CO2 asphyxiation fol-
lowed by cervical dislocation. Each of the 4 inguinal nipples of 16 albino C57BL/6 (Harlan
Labs) mice were randomized such that each mouse had 2 mammary fat pads inoculated with
104 Py8119 mammary tumor cells [24] and the other 2 with an equal volume of saline. Py8119
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cells were derived from the transgenic polyoma middle-T spontaneous tumor model that can
be transplanted to reliably form tumors, and demonstrate significantly increased MMP-9
expression compared to the more indolent luminal cell lines. This cell line is also considered
triple-negative. They are syngeneic in the C57Bl/6 strain, enabling a robust response from nor-
mal immune cells.

Imaging
All mice were imaged on days 4, 9, and 14 after inoculation under isoflurane/O2 anesthesia.
Imaging the same mouse 3 times provided a wide range of tumor sizes while minimizing ani-
mal utilization. Each mouse was randomized to receive IV either ACPPD-Gd (20 nmol,
0.036mmol Gd/kg) (8 mice) or gadobutrol (0.1mmol/kg, Gadavist, Bayer HealthCare Pharma-
ceuticals Inc.) (8 mice) for all three imaging sessions. Imaging was performed 24 hours after
ACPPD-Gd, and before and 2–3 minutes after gadobutrol. The pre-contrast study served as a
non-contrast control group, resulting in 8 mice imaged without contrast, 8 at equilibrium
phase following gadobutrol, and 8 24 hours following ACPPD-Gd. Optimal ACPPD-Gd dose
and imaging time were previously determined [20].

MRI was performed on a clinical 3T Signa HDx TwinSpeed scanner (GE Healthcare Tech-
nologies, Milwaukee, WI) using a transmit/receive 2.5cm finger coil. Four Fast Spin-echo puls-
ing sequences with 6 echo-train-length were all acquired with 256x256 matrix, FOV 6.0x4.2cm,
0.9mm slice thickness (Voxel size 0.23x0.16x0.9mm), and NEX = 1. Two T1-weighted axial and
coronal (TR/TE = 700/8.3ms, BW = 50KHz, Acq. time = 8min, 47s total), and fat saturated axial
T1 (TR/TE = 500/8.5, BW = 42KHz, Acq. time = 5min, 33s) and T2 (TR/TE = 6800/81.8,
BW = 15.63KHz, Acquisition time = 3min, 31s) were acquired. All 4 sequences were acquired
pre as well as post gadobutrol injection for all 3 time points.

Image Analysis
Tumor signal and size were quantified at each time point using region-of-interest (ROI) analy-
sis with OsiriX software (Pixmeo, Geneva). If a mouse had two tumors, each tumor was treated
independently. Tumors<1mm3 were not analyzed because of unreliable ROI placement and
partial volume effects. A polygonal ROI was traced around the tumor on the fat-saturated
T1-weighted axial sequence at its maximal dimension and the average signal and cross-sec-
tional area recorded. The signal of an adjacent muscle on the same slice was measured with a
comparable ROI and tumor signal normalized as [(tumor signal –muscle signal)/muscle sig-
nal]. Tumor volume was calculated using an ellipsoid function as 4/3�(area of tumor ROI)�(1/
2)�(maximal orthogonal coronal diameter). Normalized liver signal – average of�5 ROI’s on
the coronal slice, was similarly calculated relative to adjacent muscle.

The acquired 72 studies (3 groups x 8 mice x 3 time points) with 4 pulsing sequences each
were anonymized and presented at random to 2 observers blinded to contrast grouping, time
since inoculation, and which 2 nipples were inoculated with tumor. Reader 1 is an MR expert
with extensive experience in clinical and animal MR image interpretation (RFM) and Reader 2
is a 2nd-year radiology resident in training (ESO). Studies were reviewed independently and
readers reported whether the breast tissue under each of the 4 nipples in each study was normal
or contained tumor along with their confidence level as low, medium, or high. If a tumor was
present they described the degree and pattern of tumor enhancement.

Post mortem analysis
Mice were sacrificed immediately after the 14-day MRI study and tumors, liver, kidneys, and
muscle were harvested and immediately frozen at -20°C for later analysis. Tissue Gd content
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was measured using inductively coupled plasma-mass spectrometry (ICP-MS) on defrosted
and weighted tissues. Less than 100mg samples of each tissue were placed in 900uL of nitric
acid on a Gyromixer overnight at room temperature. The next day, 200μL of 30% hydrogen
peroxide were added, and after 2 hours the samples were heated to 90–100°C for 2 hours. Tun-
ing solution was then added to a 5mL total volume. Samples were then run in an Agilent Tech-
nologies 7700 Series ICP-MS to measure gadolinium content in parts-per-billion. Tissue Gd
concentration in micromolar was calculated as (ppb of Gd/Gd molecular weight)�(total weight
of solution measured/tissue wet weight).

Data Analysis
Each contrast group was subdivided into 3 tumor size groups (1–4.9mm3, 5–14.9mm3, and
�15mm3) and the difference in normalized tumor intensities was analyzed for statistical signif-
icance using a 3-way analysis of variance (ANOVA) without interactions (MATLAB (Math-
Works, Natick, MA), where contrast group, tumor size, and time after tumor inoculation
served as the independent variables. Statistical significance was assumed when the 2-tailed
unpaired Student’s t-test comparing the ACPPD-Gd and the other 2 groups, and the paired t-
test comparing the non-contrast to the gadobutrol group was<0.05. Data are presented as
mean±standard deviation.

Receiver operating characteristic (ROC) curves were constructed using 4 levels: normal,
low, medium and high probability for tumor presence. There were 288 breasts evaluated (3
groups x 8 animals x 3 time-points x 4 breasts). Breasts that had been inoculated with Py8119
cells, but did not have a tumor on postmortem, were counted as normal. Additional ROC
curves were constructed for tumors<5mm3 to assess the potential benefit of ACPPD-Gd in
detecting small tumors. Interobserver agreement was assessed for all 288 breasts and within
each of the 3 contrast groups using the kappa statistic [25]. Area under the ROC curve (AUC)
was calculated for the 3 contrast groups using the JROC web-based program [26, 27]. The
bootstrap method was used to compute 95% confidence intervals for the AUCs and to compare
AUC of two-paired or unpaired ROC curves [28]; 2000 bootstrapped replicates were used for
each comparison and the analysis was performed using the pROC package in R software (ver-
sion 3.0.2, www.r-project.org).

Results

Tumor Size
Imaging mice 3 times after inoculation provided a range of tumor sizes from 0.03 to 107.4
mm3 (~0.4 to 5.9mm in diameter). Of the 144 potential tumor-containing mammary fad pads
imaged (3 groups x 8 mice x 2 tumors x 3 time points), a few tumors either did not grow or
were only seen at later time points resulting in 107 tumors, 39 in the ACPPD-Gd group, and 34
in each of the non-contrast and gadobutrol groups. Number of tumors distributed by size and
contrast group is shown in Table 1.

Tumor enhancement
Degree of tumor Intensity relative to muscle for all 107 tumors is shown in Fig 2a; mean rela-
tive intensity and standard deviation of those tumors�1mm3 are shown in Fig 2b. Note that
while pre-contrast tumors (n = 19) were essentially iso-intense to muscle (1.06±0.10), they
enhanced by 24.8%±12.8, p<0.001, 2–3 minutes after gadobutrol injection. Tumors�1mm3

(n = 29) imaged 1 day after ACPPD-Gd, enhanced by 49.0%±20.0 relative to the non-contrast
group, p<0.001, and 26.0% greater than the gadobutrol group, p<0.001 (Fig 2b). ACPPD-Gd
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Table 1. Distribution of Tumor Size for each Contrast Group.

<1mm3 1-5mm3 5-15mm3 >15mm3 Total

ACPPD-Gd 10 10 7 12 39

Non-Contrast 15 4 6 9 34

Gadobutrol 15 4 6 9 34

doi:10.1371/journal.pone.0137104.t001

Fig 2. Tumor size and enhancement of all tumors. a, The normalized signal of all 107 tumors is shown as a function of tumor size that ranged from 0.03 to
107.4 mm3. Note that tumor enhancement was consistently greater for ACPPD-Gd animals at all tumor sizes. b, Bar graph of normalized mean
enhancement ± SD of tumors >1mm3 shows that ACPPD-Gd caused the greatest enhancement. *** indicates p<0.001. c, Representative axial fat-saturated
T1wMR images of a tumor bearing mouse given ACPPD-Gd and imaged on days 4, 9, and 14 after inoculation showing a thin strip of enhancement on day 4
(arrow) at the site where the tumor became apparent on days 9 and 14 (arrow). This was not observed in the gadobutrol group (not shown). Scale
bars = 5mm for each image.

doi:10.1371/journal.pone.0137104.g002
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administration outlined a very small strip of enhancement at the earliest time point in breasts
destined to develop tumors (Fig 2c). This strip of enhancement was not seen at control saline
injection sites. Representative images of pre and post-gadobutrol and those imaged 24 hours
after ACPPD-Gd are shown in Fig 3a. Note that ACPPD-Gd produced diffuse homogenous
tumor enhancement, while gadobutrol enhancement was more apparent at the tumor periph-
ery. Tumor enhancement with gadobutrol was independent of tumor size (Fig 3b). Tumors as
small as 1-5mm3 showed significantly greater enhancement following ACPPD-Gd as com-
pared to gadobutrol (45±19% vs. 19±18%, p = 0.03).

Effect of ACPPD-Gd on Observer Performance Characteristics
The performance of the experienced and trainee readers reflected their MR experience. The
AUC after gadobutrol administration relative to the non-contrast group was identical for the
experienced observer at 0.92, and minimally improved but was not statistically significant for
the trainee (0.81 vs. 0.79; p = 0.5) (Fig 4). Following ACPPD-Gd, the AUC increased from 0.92
to 0.98, (p = 0.08) for the experienced observer and from 0.81 to 0.93, (p = 0.02) for the trainee
(Table 2). The improvement in the trainee’s performance after ACPPD-Gd was even more pro-
nounced when obvious tumors (>5mm3) were removed from the ROC analysis with AUC val-
ues of 0.69 (gadobutrol) and 0.86 (ACPPD-Gd), p = 0.04 (Table 3) (Fig 4). Inter-observer
agreement was very good (Cohen’s weighted kappa = 0.80) when comparing readings from all
3 contrast groups; however, inter-observer agreement was greater for the ACPPD-Gd
(kappa = 0.83), than the gadobutrol groups (kappa = 0.74).

Effect of repeat injections of ACPPD-Gd
To ensure that each imaging session can be treated independently with no residual ACPPD
enhancement remaining 5 days after injection as reported, we evaluated liver signal where the
greatest ACPPD-Gd accumulation occurs [17–20]. The 23% greater liver enhancement of the
ACPPD group relative to the non-contrast group was similar on days 4, 9, and 14 indicating
that there was no cumulative effect 5 days after ACPPD administration (Fig 5).

Gd Tissue Concentration
As observed with imaging, tumor Gd concentration at 14 days after inoculation was signifi-
cantly greater 24 hours after the administration of 0.036 mmol Gd/kg ACPPD-Gd than after
0.1mmol Gd/kg of gadobutrol at equilibrium phase (163 ± 81 vs. 77±60 μmole Gd/mg tissue,
p<0.01) (Fig 6). More important for image contrast, ACPPD-Gd produced nearly 3.5 times
greater tumor to muscle concentration ratio than gadobutrol (9.3 ± 0.5 vs. 2.7 ± 1.0) (Fig 6).
The Gd biodistribution after administration of the gadobutrol at equilibrium phase was typical
for a small molecular weight agent, where the majority of Gd was in the kidneys. In contrast,
24 hours after ACPPD-Gd administration the dominant accumulation was in the liver. The
exact location of ACPPD-Gd accumulation within the liver and whether ACPPD-Gd was
cleaved was not investigated in this study.

Discussion
These results demonstrate the added benefit of a molecularly targeted T1 agent in the detection
of MMP expressing tumors at 3 Tesla. Tumor enhancement at 24 hours was 3.5 times greater
after the administration of 36% the Gd dose of a standard chelate imaged at equilibrium.
ACPPD-Gd enhanced tumors homogenously as compared to the typical rim enhancement
observed with Gd chelates. This in part impacted tumor enhancement values since the ROI
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Fig 3. Degree and pattern of enhancement as a function of tumor size. a, Representative axial fat-saturated T1wMR images of mice given ACPPD-Gd
(top row) and others imaged before (bottom row) and after gadobutrol (middle row) with comparable size tumors shown with the same window and level. Note
that while ACPPD-Gd produced homogenous diffuse tumor enhancement (arrows), gadobutrol enhanced predominantly the tumor rim. Scale bar in each
image = 5mm. b, Bar graph shows mean tumor enhancement ± SD for each contrast group as a function of tumor size groups. * indicates p<0.05, **p<0.01,
***p<0.001.

doi:10.1371/journal.pone.0137104.g003
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was placed over the entire tumor, but also decreased tumor conspicuity particularly for the
upper two nipples where tumors were adjacent to bowel that appeared similar to ring enhanc-
ing tumors in this animal model (Fig 3a).

Unlike the rapid leak of Gd-chelates across normal and particularly abnormal capillaries,
ACPPD-Gd circulates in blood with a half-life of 9 hours [20], preferentially leaking across
abnormal capillaries to interrogate the interstitial space for the presence of MMP-2/9. When
cleaved, the ACPP promotes local trapping, increasing local Gd concentration and tissue
enhancement. It is likely that the delivery of ACPPD nanoparticles shortly after intravenous
administration is predominantly to the periphery of the tumor where blood flow is highest and
where the leaky capillaries predominate [29]. Previous experiments suggest that approximately
50% of uptake is due to the MMP-2/9 based mechanism and 50% is due to EPR, and this is
compatible with our current results as well. The measured ACPPD concentration of 163μM is
much greater than the 50μM previously reported [20], which could be due to 1) the

Fig 4. ROC curves. The ROC curves are plotted for the experienced (top row) and trainee (bottom row) for all
288 breasts (left column) that were normal (n = 181) or tumor bearing (107) and the breasts with small tumors
(<5mm3) (n = 58) and the associated normal breasts within the same animals (right column). Note that the
AUC improved for both observers after ACPPD-Gd but the improvement was more significant for the trainee.

doi:10.1371/journal.pone.0137104.g004

Table 2. AUCs (95%CIs) fromROC curves for classifying tumor presence status based on tumor pres-
ence confidence scores given by group and reader for all tumors (n = 107).

Group Reader 1 * Reader 2 *

ACPPD-Gd 0.98 (0.95, 0.99) 0.93 (0.87, 0.99)

Gadobutrol 0.92 (0.86, 0.98) 0.81 (0.73, 0.90)

Non-contrast 0.92 (0.85, 0.98) 0.785 (0.70, 0.87)

p-value, ACPPD-Gd vs. Gadobutrol p = 0.08 p = 0.02

* Comparisons between interpreters: ACPPD-Gd, p = 0.04; gadobutrol, p = 0.003; non-contrast,

p = 0.0003.

doi:10.1371/journal.pone.0137104.t002
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replacement of most methoxyPEG4 groups by the extremely hydrophilic gluconamides as cap-
ping groups, leading to increased solubility and decreased tendency for hepatobiliary excretion;
2) the larger Gd load per dendrimer; or 3) least likely, the cumulative accumulation of ACPPD.
These changes are small and given similar uptake patterns in an ex vivo cell-based assay, we
presume that the new molecule has similar MMP-2/9 sensitivity, with approximately 50% of
overall uptake being caused by the MMPmechanism and the remaining 50% being due to
enhanced permeability and retention as well as blood pool.

While ACPPD-Gd is relatively selective for MMP-2 and MMP-9, it is a generic contrast
agent to any tissue that overexpresses those MMPs, particularly cancer, since MMPs are abun-
dantly expressed in virtually all tumor lines during various stages of malignant progression and
metastases [11–14]. A recent analysis of The Cancer Genome Atlas (TCGA) showed that mul-
tiple cancers, including breast cancer, have increased MMPmRNA expression compared to
control normal tissue for a given patient (Nguyen, manuscript in preparation). The Py8119
tumors used in this study represent the highly invasive triple negative breast cancer that have

Table 3. AUCs (95%CIs) fromROC curves for classifying tumor presence status based on tumor pres-
ence confidence scores given by group and reader for all tumors <5mm3 (n = 58).

Group Reader 1 * Reader 2 *

ACPPD-Gd 0.96 (0.89, 0.99) 0.86 (0.75, 0.95)

Gadobutrol 0.86 (0.75, 0.96) 0.69 (0.57, 0.81)

Non-contrast 0.85 (0.75, 0.95) 0.66 (0.55, 0.76)

p-value, ACPPD-Gd vs. Gadobutrol 0.10 0.04

* Comparisons between interpreters: ACPPD-Gd, p = 0.047; gadobutrol, p = 0.003; non-contrast,

p = 0.0007.

doi:10.1371/journal.pone.0137104.t003

Fig 5. Effect of cumulative ACPPD-Gd injections on Liver Enhancement.Mean liver enhancement ± SD
as measured on T1w coronal scans normalized to muscle just prior to tumor inoculation and before any
ACPPD-Gd administration (day 0) and 24 hours following ACPPD-Gd on days 4, 9, and 14. Note that liver
enhancement of approximately 25% greater than baseline liver signal remained similar after each injection.

doi:10.1371/journal.pone.0137104.g005
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elevated levels of MMP-2 and MMP-9 activity. Spontaneous murine MMTV-polyomavirus
middle T tumors [17, 20] and multiple cell line derived tumors, both human and murine [30,
31], can activate ACPPs, providing evidence for the broad clinical applications of this agent.
While ACPPD-Gd accumulation is enzyme driven and is only limited by agent availability,
receptor-targeted agents may require individualization for different tumor types, and accumu-
lation may be limited by ligand avidity and receptor density.

This study was done to detect whether a large, molecularly targeted probe could conceivably
aid in the diagnosis of smaller tumors in this animal model more than the water-soluble small
molecular weight agents currently available in the clinic. Since the interpreting radiologists
never saw the animals, and the tumors were tracked over time, we were able to obtain a receiver
operator characteristic curve and determine detection thresholds for small tumors. This experi-
mental paradigm enabled us to perform a preclinical study to gain insight into the potential per-
formance of this agent at later stages in translational development, and to guide future work.

The study has several limitations. Working in an allograft model makes experimental timing
more tractable and the model more consistent, but it is well recognized that allografts are not
an optimal model for human tumors. Second, like all molecularly targeted probes of its size,
our molecule is not entirely specific. This is not necessarily a disadvantage, and part of this
study was done to determine whether these molecules might nevertheless have an advantage
over the current clinically available gadolinium chelates. We were able to improve upon prior
work by demonstrating utility of the probe with a clinical strength 3T magnet. This is impor-
tant because gadolinium contrast agents have different physical properties at 3T than they do
at 7T. Our technique provides a tractable and practical model to test and compare other con-
trast agents in a more clinically relevant model than simple region of interest or standardized
uptake values. Future studies will examine whether such an integrated approach is more pre-
dictive of how well an agent will perform in the clinic.

Fig 6. Tissue concentrations following ACPPD-Gd and gadobutrol. ACPPD-Gd resulted in significantly greater accumulation of Gd in tumors (163 ± 81
vs. 77±60 μmole Gd/mg tissue, p<0.01) than gadobutrol and resulted in approximately 3.5 times greater tumor to muscle concentration ratio (9.3 ± 0.5 vs.
2.7 ± 1.0).

doi:10.1371/journal.pone.0137104.g006
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In conclusion, ACPPD-Gd provided significantly greater tumor enhancement on T1w MR
imaging at 3 Tesla compared to the equilibrium phase of standard Gd-chelates aiding in the
detection of tumors in this mammary tumor model at clinically relevant fields strengths and
scan times. Future work will expand upon the findings established in this study and will
address specificity in a model that produces both benign and malignant tumors to more closely
resemble the clinical setting.

Supporting Information
S1 File. MR imaging locations and transport.
(DOCX)

S2 File. Animal Food.
(DOCX)

S3 File. Structural environment for animal housing.
(DOCX)

S4 File. NC3Rs ARRIVE Guidelines Checklist.
(PDF)

Acknowledgments
We wish to thank Christopher Barback, Jacqueline Corbeil, and Rosemarie Ramirez for techni-
cal assistance and animal handling, Dr. Lesley Ellies for expertise on the Py8119 cell line, and
Drs. Mark and Graeme Bydder for MR protocol optimization. Dr. Karen Messer and Minya Pu
were instrumental in ROC curve analysis and overall statistical methods In addition, we wish
to thank Richard Znamirowski and John Firebaugh for MR scanning supervision and technical
assistance.

Author Contributions
Conceived and designed the experiments: CDM RFM RYT QTN ESO. Performed the experi-
ments: CDM TJ. Analyzed the data: CDM ESO RFM. Contributed reagents/materials/analysis
tools: QTN RYT TJ. Wrote the paper: CDM ESO RFM RYT QTN.

References
1. Coumans FA, Siesling S, Terstappen LW. Detection of cancer before distant metastasis. BMC Cancer.

2013 Jun 13; 13(1):283

2. Chatterji M, Mercado CL, Moy L. Optimizing 1.5-Tesla and 3-Tesla dynamic contrast-enhanced mag-
netic resonance imaging of the breasts. Magn Reson Imaging Clin N Am. 2010 May; 18(2):207–24, doi:
10.1016/j.mric.2010.02.011 PMID: 20494307

3. Turnbull LW. Dynamic contrast-enhanced MRI in the diagnosis and management of breast cancer.
NMR Biomed. 2009 Jan; 22(1):28–39 doi: 10.1002/nbm.1273 PMID: 18654999

4. Pais A, Gunanathan C, Margalit R, Biton IE, Yosepovich A, Milstein D, et al. In vivo magnetic resonance
imaging of the estrogen receptor in an orthotopic model of human breast cancer. Cancer Res. 2011
Dec 15; 71(24):7387–97. doi: 10.1158/0008-5472.CAN-11-1226 PMID: 22042793

5. Shazeeb MS, Sotak CH, DeLeo M 3rd, Bogdanov A Jr. Targeted signal-amplifying enzymes enhance
MRI of EGFR expression in an orthotopic model of human glioma. Cancer Res. 2011 Mar 15; 71
(6):2230–9. doi: 10.1158/0008-5472.CAN-10-1139 PMID: 21245103

6. Burden-Gulley SM, Zhou Z, Craig SE, Lu ZR, Brady-Kalnay SM. Molecular Magnetic Resonance Imag-
ing of Tumors with a PTPμ Targeted Contrast Agent. Transl Oncol. 2013 Jun 1; 6(3):329–37. PMID:
23730413

Tumor Detection with ACPPD-Gd at 3T MR

PLOSONE | DOI:10.1371/journal.pone.0137104 September 3, 2015 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137104.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137104.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137104.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0137104.s004
http://dx.doi.org/10.1016/j.mric.2010.02.011
http://www.ncbi.nlm.nih.gov/pubmed/20494307
http://dx.doi.org/10.1002/nbm.1273
http://www.ncbi.nlm.nih.gov/pubmed/18654999
http://dx.doi.org/10.1158/0008-5472.CAN-11-1226
http://www.ncbi.nlm.nih.gov/pubmed/22042793
http://dx.doi.org/10.1158/0008-5472.CAN-10-1139
http://www.ncbi.nlm.nih.gov/pubmed/21245103
http://www.ncbi.nlm.nih.gov/pubmed/23730413


7. LepageM, DowWC, Melchior M, You Y, Fingleton B, Quarles CC, et al. Noninvasive detection of matrix
metalloproteinase activity in vivo using a novel magnetic resonance imaging contrast agent with a solu-
bility switch. Mol Imaging. 2007 Nov-Dec; 6(6):393–403. PMID: 18053410

8. Lebel R, Jastrzebska B, Therriault H, Cournoyer MM, McIntyre JO, Escher E, et al. Novel solubility-
switchable MRI agent allows the noninvasive detection of matrix metalloproteinase-2 activity in vivo in
a mouse model. Magn Reson Med. 2008 Nov; 60(5):1056–65. doi: 10.1002/mrm.21741 PMID:
18956456

9. Hanaoka K, Lubag AJ, Castillo-Muzquiz A, Kodadek T, Sherry AD. The detection limit of a Gd3+-based
T1 agent is substantially reduced when targeted to a protein microdomain. Magn Reson Imaging. 2008
Jun; 26(5):608–17 doi: 10.1016/j.mri.2007.11.002 PMID: 18234462

10. Kircher MF, Willmann JK. Molecular body imaging: MR imaging, CT, and US. part I. principles. Radiol-
ogy. 2012 Jun; 263(3):633–43. doi: 10.1148/radiol.12102394 PMID: 22623690

11. Fang J, Shing Y, Wiederschain D, Yan L, Butterfield C, Jackson G, et al. Matrix metalloproteinase-2 is
required for the switch to the angiogenic phenotype in a tumor model. Proc Natl Acad Sci U S A. 2000
Apr 11; 97(8):3884–9. PMID: 10760260

12. Hua H, Li M, Luo T, Yin Y, Jiang Y. Matrix metalloproteinases in tumorigenesis: an evolving paradigm.
Cell Mol Life Sci. 2011 Dec; 68(23):3853–68. doi: 10.1007/s00018-011-0763-x PMID: 21744247

13. Tester AM, Ruangpanit N, Anderson RL, Thompson EW. MMP-9 secretion and MMP-2 activation dis-
tinguish invasive and metastatic sublines of a mouse mammary carcinoma system showing epithelial-
mesenchymal transition traits. Clin Exp Metastasis. 2000; 18(7):553–60. PMID: 11688960

14. Mehner C, Hockla A, Miller E, Ran S, Radisky DC, Radisky ES. Tumor cell-produced matrix metallopro-
teinase 9 (MMP-9) drives malignant progression and metastasis of basal-like triple negative breast can-
cer. Oncotarget. 2014 May 15; 5(9):2736–49. PMID: 24811362

15. Turpeenniemi-Hujanen T. Gelatinases (MMP-2 and -9) and their natural inhibitors as prognostic indica-
tors in solid cancers. Biochimie. 2005 Mar-Apr; 87(3–4):287–97. PMID: 15781315

16. Artacho-Cordón F, Ríos-Arrabal S, Lara PC, Artacho-Cordón A, Calvente I, Núñez MI. Matrix metallo-
proteinases: potential therapy to prevent the development of second malignancies after breast radio-
therapy. Surg Oncol. 2012 Sep; 21(3):e143–51. doi: 10.1016/j.suronc.2012.06.001 PMID: 22749313

17. Aguilera TA, Olson ES, Timmers MM, Jiang T, Tsien RY. Systemic in vivo distribution of activatable cell
penetrating peptides is superior to that of cell penetrating peptides. Integr Biol (Camb). 2009 Jun; 1(5–
6):371–81.

18. Jiang T, Olson ES, Nguyen QT, Roy M, Jennings PA, Tsien RY. Tumor imaging by means of proteolytic
activation of cell-penetrating peptides. Proc Natl Acad Sci U S A. 2004 Dec 21; 101(51):17867–72.
PMID: 15601762

19. Olson ES, Aguilera TA, Jiang T, Ellies LG, Nguyen QT, Wong EH, et al. In vivo characterization of acti-
vatable cell penetrating peptides for targeting protease activity in cancer. Integr Biol (Camb). 2009 Jun;
1(5–6):382–93.

20. Olson ES, Jiang T, Aguilera TA, Nguyen QT, Ellies LG, Scadeng M, et al. Activatable cell penetrating
peptides linked to nanoparticles as dual probes for in vivo fluorescence and MR imaging of proteases.
Proc Natl Acad Sci U S A. 2010 Mar 2; 107(9):4311–6 doi: 10.1073/pnas.0910283107 PMID:
20160077

21. Chen S, Cui J, Jiang T, Olson ES, Cai QY, Yang M, et al. Activatable cell-penetrating peptides reveal
spatiotemporal dynamics of gelatinase activity in ischemic brains. Stroke, submitted for publication.

22. Bremer C, Bredow S, Mahmood U, Weissleder R, Tung CH. Optical imaging of matrix metalloprotei-
nase-2 activity in tumors: feasibility study in a mouse model. Radiology. 2001 Nov; 221(2):523–9.
PMID: 11687699

23. Nguyen QT, Olson ES, Aguilera TA, Jiang T, ScadengM, Ellies LG, et al. Surgery with molecular fluo-
rescence imaging using activatable cell-penetrating peptides decreases residual cancer and improves
survival. Proc Natl Acad Sci U S A. 2010 Mar 2; 107(9):4317–22. doi: 10.1073/pnas.0910261107
PMID: 20160097

24. Biswas T, Gu X, Yang J, Ellies LG, Sun LZ. Attenuation of TGF-β signaling supports tumor progression
of a mesenchymal-like mammary tumor cell line in a syngeneic murine model. Cancer Lett. 2014 Apr
28; 346(1):129–38. doi: 10.1016/j.canlet.2013.12.018 PMID: 24368187

25. Landis JR, Koch GG. The measurement of observer agreement for categorical data. Biometrics 1977;
33:159–74 PMID: 843571

26. Eng J. ROC analysis: web-based calculator for ROC curves. Baltimore: Johns Hopkins University
[updated 2013 July 24; Accessed 15 September 2013]. Available: http://www.jrocfit.org.

27. Obuchowski NA. ROC analysis. AJR Am J Roentgenol. 2005 Feb; 184(2):364–72. PMID: 15671347

Tumor Detection with ACPPD-Gd at 3T MR

PLOSONE | DOI:10.1371/journal.pone.0137104 September 3, 2015 14 / 15

http://www.ncbi.nlm.nih.gov/pubmed/18053410
http://dx.doi.org/10.1002/mrm.21741
http://www.ncbi.nlm.nih.gov/pubmed/18956456
http://dx.doi.org/10.1016/j.mri.2007.11.002
http://www.ncbi.nlm.nih.gov/pubmed/18234462
http://dx.doi.org/10.1148/radiol.12102394
http://www.ncbi.nlm.nih.gov/pubmed/22623690
http://www.ncbi.nlm.nih.gov/pubmed/10760260
http://dx.doi.org/10.1007/s00018-011-0763-x
http://www.ncbi.nlm.nih.gov/pubmed/21744247
http://www.ncbi.nlm.nih.gov/pubmed/11688960
http://www.ncbi.nlm.nih.gov/pubmed/24811362
http://www.ncbi.nlm.nih.gov/pubmed/15781315
http://dx.doi.org/10.1016/j.suronc.2012.06.001
http://www.ncbi.nlm.nih.gov/pubmed/22749313
http://www.ncbi.nlm.nih.gov/pubmed/15601762
http://dx.doi.org/10.1073/pnas.0910283107
http://www.ncbi.nlm.nih.gov/pubmed/20160077
http://www.ncbi.nlm.nih.gov/pubmed/11687699
http://dx.doi.org/10.1073/pnas.0910261107
http://www.ncbi.nlm.nih.gov/pubmed/20160097
http://dx.doi.org/10.1016/j.canlet.2013.12.018
http://www.ncbi.nlm.nih.gov/pubmed/24368187
http://www.ncbi.nlm.nih.gov/pubmed/843571
http://www.jrocfit.org
http://www.ncbi.nlm.nih.gov/pubmed/15671347


28. Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, Sanchez JC, et al. pROC: an open-source package
for R and S+ to analyze and compare ROC curves. BMC Bioinformatics. 2011 Mar 17; 12:77 doi: 10.
1186/1471-2105-12-77 PMID: 21414208

29. Matsumura Y, Maeda H. A new concept for macromolecular therapeutics in cancer chemotherapy:
mechanism of tumoritropic accumulation of proteins and the antitumor agent smancs. Cancer Res.
1986 Dec; 46(12 Pt 1):6387–92 PMID: 2946403

30. Savariar EN, Felsen CN, Nashi N, Jiang T, Ellies LG, Steinbach P, et al. Real-time in vivo molecular
detection of primary tumors and metastases with ratiometric activatable cell-penetrating peptides. Can-
cer Res. 2013 Jan 15; 73(2):855–64 doi: 10.1158/0008-5472.CAN-12-2969 PMID: 23188503

31. Crisp JL, Savariar EN, Glasgow HL, Ellies LG, Whitney MA, Tsien RY. Dual targeting of integrin αvβ3
and matrix metalloproteinase-2 for optical imaging of tumors and chemotherapeutic delivery. Mol Can-
cer Ther. 2014 Jun; 13(6):1514–25. doi: 10.1158/1535-7163.MCT-13-1067 PMID: 24737028

Tumor Detection with ACPPD-Gd at 3T MR

PLOSONE | DOI:10.1371/journal.pone.0137104 September 3, 2015 15 / 15

http://dx.doi.org/10.1186/1471-2105-12-77
http://dx.doi.org/10.1186/1471-2105-12-77
http://www.ncbi.nlm.nih.gov/pubmed/21414208
http://www.ncbi.nlm.nih.gov/pubmed/2946403
http://dx.doi.org/10.1158/0008-5472.CAN-12-2969
http://www.ncbi.nlm.nih.gov/pubmed/23188503
http://dx.doi.org/10.1158/1535-7163.MCT-13-1067
http://www.ncbi.nlm.nih.gov/pubmed/24737028



