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Abstract

Contrast enhanced MRI is commonly used in imaging and treatment planning of prostate cancer.
However, no tumor targeting contrast agent is commercially available for accurate detection and
characterization prostate cancer with MRI. Extradomain B fibronectin (EDB-FN), an oncoprotein
present in aggressive tumors, is a promising molecular target for detection and stratification of
high-risk prostate cancer. In this work, we have identified four small peptides (GVK, IGK, SGV,
and ZD2) specific to EDB-FN for tumor targeting. /n-sifico simulations of the binding patterns and
affinities of peptides to the EDB protein fragment revealed different binding site to different
peptide in the ligand-receptor interactions. Tumor specificity and organ distribution of the peptides
were assessed using fluorescence imaging in male mice bearing PC-3 human prostate cancer
xenografts. Targeted contrast agents were synthesized by conjugating
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) to the peptides in the solid phase,
followed by complexation with GdCl3. The contrast agents were characterized by MALDI-TOF
mass spectrometry and relaxivity measurements. All four peptide Gd-DOTA conjugates resulted in
robust tumor contrast enhancement in MR imaging of the PC3 mouse prostate cancer model. The
peptide Gd-DOTA conjugates specific to EDB-FN are promising targeted small molecular
macrocyclic contrast agents for MR molecular imaging of prostate cancer.
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Introduction

Prostate cancer (PCa) is the most common cancer in men in the United States, with a
lifetime incidence rate of 1 case per 7 men and a mortality of 1 out of 38 patients.[1] Current
clinical practice for prostate cancer screening requires digital rectal examination and prostate
specific antigen (PSA) measurement. If necessary, MRI and needle biopsy sampling are
performed. However, these methods are inadequate either in sensitivity or specificity, often
resulting in overdiagnosis and overtreatment with limited improvements to patient survival.
[2-31 While no cancer-specific contrast agents are commercially available, there has been
significant progress in developing novel technologies for diagnostic imaging of PCa. For
example, multiparametric MRI, which combines morphological and functional imaging,
dynamic contrast enhancement (DCE), and magnetic resonance spectroscopic imaging
(MRSI) sequences, provides a non-invasive way to characterize PCa.[4-%l Additionally, PET
probes targeting prostate-specific membrane antigen (PSMA) have entered clinical trials for
detection of PCa.[19-12] Unfortunately, these strategies have had only limited success in
locating and differentiating malignant PCa from low risk indolent lesions.[13]

We have identified extradomain B fibronectin (EDB-FN) as a molecular target for detection
and differential diagnosis of high-risk PCa. EDB-FN, an oncofetal isoform of fibronectin
(FN), is highly expressed in various aggressive cancers, including PCa, but is absent from
normal tissues.[14-16] Strong expression of oncofetal FN, including EDB-FN, is correlated
with a high rate of metastasis and poor overall survival in patients with prostate, breast,
ovarian, head and neck, and other cancers.[!5: 17-27] Clinical evidence and our preliminary
data have demonstrated high expression of EDB-FN in high-risk PCa and low expression in
benign lesions, including benign prostatic hyperplasia.[26-30] As revealed in one study, EDB-
FN expression in prostate carcinoma at the mRNA level was 3.5-fold higher than in benign
prostatic hyperplasia, and it had a distinct distribution pattern in the PCa stroma.[27] Thus,
EDB-FN is a promising target for detection and differential localization of high-risk prostate
tumors with molecular imaging.
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In previous work, we synthesized and tested an EDB-FN specific contrast agent ZD2-
Gd(HP-DO3A) for detection and differential diagnosis of high and low risk prostate tumors
with MR1.[31] The targeted contrast agent was able to produce differential signal
enhancement in mouse models of prostate tumors with different expression levels, which
correlated with tumor aggressiveness. It shows the promise for non-invasive detection and
risk-stratification of aggressive prostate cancer in MRI. Nevertheless, further studies may be
needed to optimize the targeted contrast agent specific to EDB-FN for clinical translation.

In this work, we have identified three new small peptides specific to EDB-FN with phage
display and synthesized four peptide Gd-DOTA conjugates as targeted contrast agents for
MR molecular imaging of high-risk PCa. The binding pattern and affinity of ZD2 and three
other peptides to the EDB-FN protein was simulated with the AutoDock software package.
Specific binding of the peptides to aggressive PCa was further investigated in a mouse tumor
model with fluorescence imaging. Macrocyclic chelate Gd-DOTA was used for the new
targeted MRI contrast agents because of its high /77 vivo chelation stability.[32] The efficacy
of the targeted contrast agents for MR molecular imaging was assessed in mice with
aggressive PC3 prostate tumor xenografts. All targeted contrast agents exhibited stronger
tumor enhancement than a clinical contrast agent Gd(HP-DO3A).

2 EXPERIMENTAL SECTION

2.1 Materials

2.2 Animals

The ligand 2,2',2"-(10-(1-carboxy-4-((4-isothiocyanatobenzyl)amino)-4-oxobutyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid (p-NCS-Bz-DOTA-GA) was purchased from
CheMatech, France. All the other reagents for chemical synthesis were bought from Sigma
Aldrich unless stated otherwise. PC3 cells were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA) and grown in RPMI medium (Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco,
Gaithersburg, MD, USA) and 1% penicillin and streptomycin (Thermo Fisher) at 37°C in
5% CO». To construct GFP-expressing cell lines, cells were transfected with lentivirus as
previously reported.[33]

BALB/c nude mice were purchased from Charles River Laboratories (Ashland, OH, USA)
and housed in the Animal Resource Center Core Facility at Case Western Reserve
University. All animal experiments were performed in accordance with the animal protocol
approved by the CWRU Institutional Animal Care and Use Committee. Athymic nude mice
(male) were subcutaneously injected with a 100 pL cell suspension (4x107 cells/mL) in
Matrigel (Corning Bioscience, Corning, NY) to initiate tumor growth. Mice with tumors 5-8
mm in diameter were used for imaging studies.

2.3 Phage Display

The Ph.D C7C library (New England Biolabs, Beverly, MA) was used to screen for EDB-
specific cyclic nonapeptides. Candidate peptides were selected by panning for four rounds.
[30] In each round, purified EDB fragment (100 pg/mL) was immobilized by overnight
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coating on non-treated 96-well plates (Corning Costar, Tewksbury, MA, USA) 4°C. BSA
(0.5%) was used to block non-specific binding (1 h, room temperature) followed by
incubating with phages for 1 h at room temperature. Extensive washing with PBST (0.1%,
0.3%, 0.5% BSA, respectively, three times) was performed to remove non-binding phages
before eluting the bound phages with 0.1 M glycine-HCI (pH 2.2) and neutralizing with
Tris-HCI (pH 9.1). The eluted phages were titered and amplified with £. coli (ER2758),
according to the user’s manual. Amplified phages in the medium were purified by
ultrafiltration and PEG/NaCl precipitation. At the end of round 4, properly diluted phages
were cultured on LB/IPTG/Xgal plates and DNA from 29 random blue plaques was
sequenced using supplied primers (New England Biolabs) along with the phage library.
Peptide sequences were acquired after translating the corresponding DNA sequences.

2.4 Molecular Docking

The molecular binding models were simulated with AutoDock Vinal34 and visualized with
Python Molecular Viewer software.[3%] Before running the docking command, the receptor
(EDB fragment) and all the peptides were prepared as pdbqt files. For the receptor, the
nuclear magnetic resonance spectroscopy (NMR) confirmed 3D crystal structurel3¢] was
obtained from RSCB Protein Data Bank (PDB ID: 2fnb) as pdb file. The receptor then was
opened in AutoDock Tools. Its coordinates center was set to x = -1.306, y = 1.677,z =
2.236. The size of the grid was set to 60 x 66 x 60. After this, all the H,O molecules were
deleted and polar hydrogens were added to the receptor. At the same time, the non-polar
hydrogens were merged. After this, Kollman Charge was added to the receptor. At last, the
receptor was saved as pdbqt file.

For the linear peptides, their 3D conformations were converted from the 2D structures via
ChemDraw 15.0 3D software. Their conformations were optimized by minimizing the
energies with the force field method and then saved as mol2 files. Then the peptides were
opened in AutoDock Tools. Polar hydrogens and charges were added in the same manner as
described for the receptor. The rotatable bonds were selected and active torsions were set to
9. At last, the ligands were saved as pdbqt files. The AutoDock Vina was run in cmd.exe in
Window10 with a configuration script which contains the coordination of the center, size of
the grid, number of modes and location of the receptor, ligand and output file. The output
files were obtained as txt and pdbqt files containing all the modes.

2.5 Fluorescence probe synthesis

The peptide was first synthesized in solid phase using Fmoc chemistry, followed by
conjugation of a short PEG spacer (Fmoc-12-amino-4,7,10-trioxadode-canoic acid).
Synthesis of the fluorescent probes, peptide-Cy5.5, was achieved by conjugating peptide-
PEG on resin to Cy5.5 NHS ester (Lumiprobe, Hallandale Beach, FL, USA). The cleavage
cocktail composed of TFA:H,O:triisobutylsilane (96.5:2.5:1) was used to remove the
peptide Cy5.5 conjugates from the resin. The product was precipitated in cold ether and
freeze dried. The conjugates were purified by preparative HPLC on an Agilent 1100 HPLC
system equipped with a semi-preparative C18 column and characterized by matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry on a Voyager
DE-STR spectrometer (PerSeptive BioSystems) in linear mode with R 2,5-dihydroxybenzoic
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acid as a matrix. Concentration of peptide-Cy5.5 was quantified from the absorbance at 450
nm and a fluorphore extinction coefficient of e = 209,000 L-mol~1.cm™1 as provided by the
manufacturer.

2.6 Fluorescence Imaging

The peptide-Cy5.5 conjugates in 0.1 mL PBS (10 nmol) was administered by tail vein
injection for each mouse. At 1.5 h post injection, the mice were sacrificed to image the
tumors and the organs. The binding of peptide-Cy5.5 to the PC3 tumor and biodistribution
were assessed /n vivo before sacrifice and ex vivo using Maestro FLEX /n Vivo Imaging
System (Caliper Life Sciences, Hopkinton, MA) with a red filter set (spectral range of
630-910 nm, 1000 ms exposure time).

2.7 Synthesis of MRI contrast agent

Peptides were synthesized using solid phase chemistry. A short PEG spacer (Fmoc-12-
amino-4,7,10-trioxadode-canoic acid) was then conjugated, followed by p-NCS-Bz-DOTA-
GA in the presence of N,N-diisopropylethylamine in DMSO for 24 h in dark at room
temperature. A cocktail of TFA:H,O:triisobutylsilane (96.5:2.5:1) was applied to harvest the
precursor peptide-DOTA from the resin. After the precursors were precipitated in cold ether,
centrifuged and freeze-dried. The peptide DOTA conjugates were dissolved in water and
complexed with GdCl3 at room temperature overnight to obtain the targeted contrast agents.
The peptide-(Gd-DOTA) conjugates were purified by HPLC on an Agilent 1100 HPLC
system equipped with a semi-preparative C18 column. The gradient of HPLC was 100%
water for 10 min and 0-20% acetonitrile in water for another 20 min and 50-100%
acetonitrile in water for 5 min. MALDI-TOF mass spectra were acquired on a Voyager DE-
STR spectrometer in linear mode with R 2,5-dihydroxybenzoic acid as a matrix. The
lyophilized contrast agents were reconstituted in saline before use.

2.7 In vivo MRI

All MRI experiments were performed on an Aspect M3 compact MRI scanner (1.0 Telsa,
Aspect Imaging, Israel). Imaging experiments were performed when the tumor size reached
5-8 mm in diameter. Each contrast agent was administered intravenously at a dose of 0.1
mmol/kg Gd3* after acquiring pre-contrast images. ProHance® (gadoteridol) was used as a
control in the imaging experiments. Post-contrast images were obtained at 10 min intervals
up to 30 min. Axial slices of the mouse at the tumor location were acquired using a T1-
weighted spin echo sequence with the following parameters: TR =500 ms, TE = 8.144 ms,
slice thickness = 1 mm, inter-slice gap = 0.1mm, field of view (FOV) =3 cm x 3 cm. The
total imaging time is 216 seconds. Contrast-to-noise ratio (CNR) at each time point was
calculated by measuring the ratios of signal intensities in manually drawn regions of interest
(ROISs) in tumor and muscle, and then normalizing to image noise. A 3D FLASH gradient
echo sequence was used for whole-body coronal imaging. Imaging parameters were TR =
17.362 ms, TE = 6 ms, flip angle = 15°, slice thickness = 1.5 mm, FOV = 3.5 cm x 80 cm.
The total imaging time is 226 seconds. Each of the 16 slices was aquired immediately after
the acquisitions with the T1-weighted spin echo sequence.
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3. RESULTS AND DISCUSSION

3.1 Receptor—ligand interaction studies

Beside ZD2 (TVRTSAD) peptide reported previously,[3% three other sequences namely
GVKSYNE (GVK), IGKTNTL (IGK), SGVKSAF (SGV) were also identified to bind to
EDB-FN from the phage display. To verify the potential for ligand-receptor interactions, /n-
sifico simulation of the binding patterns and affinities of the linear peptides to EDB-FN was
investigated with Autodock Vinal34l. The molecular docking generally visualized all the
necessary interactions between the peptides and EDB fragment, which may be the binding
sites for the ligands. These binding interactions include electrostatic interactions, aromatic-
aromatic interactions, lipophilic-lipophilic interactions, hydrogen bond interactions and
hydrophobic interactions. Even though the data from simulation is only predictive, it
provides a prediction of how the peptide might bind to the receptor. Nine interaction modes
for each peptide were generated and the site with the lowest binding energy and zero
distance was selected. The best mode of each peptide is shown in Figure 1. The EDB
fragment is highly acidic with negatively charged residues evenly distributed on the surface,
as shown in red. The predicted affinity and distance from the best mode, isoelectric point
(P1), grand average of hydropathicity (GAH)[37] of the peptides are listed in Table 1. A
binding affinity above 5 kcal/mol was predicted for each of the peptides.

3.2 Tumor specific binding of the peptides

The tumor specific targeting profile and organ distribution of the peptides were investigated
with /n vivo and ex vivo fluorescence imaging in green fluorescence protein (GFP) labeled
PC3 tumor bearing mice. The peptides were labeled with Cy5.5, a far-red emitting dye, via a
short PEG spacer for fluorescence detection of the peptide. Figure 2a shows whole body
fluorescence images for in vivo tumor targeting of the peptides. Tumors were located by
imaging of green fluorescence prior to injection of fluorescently labeled peptides.
Substantial Cy5.5 fluorescence signal was seen in the tumor of all 4 groups at 15 min after
injection and lasted for 3 hrs. At 24 hrs post injection, trace amounts of fluorescence still
could be observed (Figures 2a and b) in the tumors. By comparison, the fluorescence
intensity in the kidneys (Figures 2a and c) of all groups was increased significantly at 15 min
after injection but decreased faster than that in the tumors. At 3 h after injection, the
fluorescence intensity decreased to 1/3 of its level at 15 min (Figure 2c) and no fluorescence
could be observed at 24 hr.

The distribution of Cy5.5 labeled peptides in organs was evaluated by ex vivo fluorescence
imaging at 1.5 hr after injection. As shown in Figure 2d, the kidney exhibited the highest
fluorescence intensity, followed by liver, tumor lung and heart. Spleen, brain and muscle
showed only trace amount of fluorescence. In the tumor, a difference in intensity was
observed among the peptides at 90 min after administration. Specifically, greater
fluorescence signals of IGK and ZD2 were seen in tumors compared to SGV, while GVK
was the weakest (Figures 2d). In normal tissues, no EDB-FN is present[14-16] so the
fluorescence intensity was weak in the brain, muscle, spleen, heart and lung, consistent with
our previous finding.[3% 31 Significant fluorescence was observed in the kidneys and liver
because the small water soluble peptides with molecular weights around 1.6 kD mainly
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cleared via the kidneys, and then by the liver. This is logical since the molecular weight
cutoff for glomerular filtration is arround 30-50 kDa,[38] far beyond these peptides with 7
amino acid residues. The short half-life and fast clearance of small peptide from circulation
has been discussed extensively in literature.[3°]

3.3 Synthesis of the targeted contrast agents

The synthesis of the MRI contrast agent peptide-(Gd-DOTA) is demonstrated in Figure 3
with ZD2 as an example peptide. The peptides were first synthesized in the solid phase using
standard Fmoc chemistry. The overall yield of compound 1 was greater than 90%. It should
be noted that the addition of a spacer between the peptide and DOTA with isothiocyanate is
necessary for conjugation in solid phase when TFA is used for cleaving the products from
the resin. Directly linking the peptide to DOTA via isothiocyanate was unsuccessful because
it underwent a cyclization with isothiocyanate and subsequent removal of the last amino
acid.l4% The addition of a small PEG spacer at the N-terminus of the peptides prevented the
side reaction during cleavage of the product from the resin with TFA.[41] The final yield of
compound 4 was 80% after purification.

The peptide targeted MRI contrast agents were finally synthesized by complexation of the
ligands with gadolinium (111) ions. The structures of the 4 peptide-based GBCAS are shown
in Figure 4. The products were purified by preparative HPLC and characterized by MALDI-
TOF mass spectrometry. The MALDI-TOF measured m/z of GVK, IGK, SGV and ZD2
targeted contrast agents were 1731.7, 1681.6, 1630.6 and 1686.5, respectively. The
calculated m/z values for the agents were 1731.6, 1681.7, 1630.6 and 1686.5,
correspondingly. Although the peptide-(Gd-DOTA) had an increased molecular weight
around 1.6 kD as compared to the corresponding peptides, they all had good water solubility.
The solid phase reaction conditions were advantageous as they allowed for easy removal of
all impurities from the final product. Overall, this synthetic approach provided a facile and
efficient way to synthesize the peptide-(Gd-DOTA) with good overall yield.

3.4 Relaxivity

Relaxivity is an important parameter for an MR contrast agent. It reflects how the relaxation
rate of the surrounding water proton changes as a function of concentration, and it is directly
associated with the agent’s contrast enhancing capability during imaging. The relaxivity of
the 4 contrast agents was tested at 37°C in water and compared to Gd(HP-DO3A), Gd-
DOTA and ZD2-Gd(HP-DO3A) (Figure 5). As shown in Table 2, The rq relaxivity for the
GVK, IGK, SGV and ZD2 Gd-DOTA conjugates was 4.3, 4.6, 4.7 and 4.1 mM~1sec™! at
1.5T, respectively, significantly higher than that of Gd-DOTA or Gd(HP-DO3A), which were
2.9 and 3.2 mM~1sec™L. The r; relaxivities for GVK, IGK, SGV and ZD2 targeted contrast
agents were 5.0, 5.2, 5.6 and 4.8 mM™1sec™1 at 1.5T, respectively, which were also
significantly higher than that of Gd-DOTA or Gd(HP-DO3A) (both 3.2 mM~1sec™1). ZD2-
Gd(HP-DO3A) exhibited high ry and r, relaxivities of 5.4 and 6.1 mM~1sec™1, respectively.
Compared to Gd(HP-DO3A), Gd-DOTA, the size increase of the targeted contrast agents
due to the peptides and PEG spacer could result in an increase of tg,[42 431 thus leading to
higher relaxivities.
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3.5 Magnetic Resonance Imaging

The MRI contrast enhancement of each of the agents was tested in PC3 tumor-bearing mice
with different MRI sequences. Figure 6 shows the high-resolution 2D axial MR images of
tumor tissues obtained a T1-weighted spin-echo sequence before (pre) and at 10, 20 and 30
min after i.v. injection at a dose of 0.1 mmol/kg. Strong tumor signal enhancement was
observed at 10 minutes and remained for at least 30 min post injection for all the targeted
contrast agents. The results were consistent with observation from the fluorescence imaging.
The non-specific clinical agent Gd(HP-DO3A) only resulted in modest contrast
enhancement in the PC3 tumors. The robust signal enhancement is the tumor remained in
the tumors for at least 30 minutes for the targeted contrast agents when background signal
were significantly decreased. Prolonged tumor enhancement indicated the binding of the
targeted contrast agents to the tumor tissues. Background noise reduction at later time points
would provide better tumor delineation. The findings demonstrated the effectiveness of the
contrast agents specific to EDB-FN for MR molecular imaging of aggressiveness PCa.

Whole-body MR images enhanced with the targeted contrast agents were obtained with a
T,-weighted 3D FLASH sequence to assess signal enhancement in the tumors and the major
organs, including the liver and kidneys. Figure 7 shows the 2D coronal images enhanced by
the targeted contrast agents. All four peptide targeted contrast agents produced significant
tumor enhancement as compared to the non-specific control agent Gd(HP-DO3A),
consistent with the results obtained with the spin-echo sequence. Significant signal
enhancement was observed in the cortex and outer medulla of the kidneys at 10 and 20 min
after injection for all the 5 agents including ProHance.[44] The signal was increased after 20
minutes in the inner medulla, where the urine and other metabolites, including the contrast
agents, concentrate and pass through the collecting duct.[43] In the liver, only slight signal
increases were observed for all the contrast agents, including Gd(HP-DO3A), suggesting
that the liver was not the main pathway for clearance. Considering the same kidney signal
intensity and rhythm between the peptide based GBCAs and Gd(HP-DO3A), it can be
inferred that the peptide based contrast agents underwent a similar renal excretion pattern as
Gd(HP-DO3A). These findings were consistent with observation from the fluorescence
imaging as well as our previous report on ZD2-Gd(HP-DO3A).[31]

Quantitative analysis of contrast-to-noise ratios (CNR) in the tumor, liver and kidneys in T;-
weighted 3D FLASH images further demonstrated the tumor enhancement of the targeted
contrast agents. As shown in Figure 8a, the CNR in the liver increased about three fold
above baseline at 10 min after injection of all agents, and then gradually decreased to an
average CNR of 2.6 at 30 min. There was no significant difference between the peptide-
based contrast agents and ProHance. By contrast, the CNR in the kidneys was much higher
than in the liver, in a range of 3.9-5.0, as shown in Figure 8b. The GVK, IGK, SGV, ZD2
and Prohance groups had no significant difference in kidney CNR enhancement over the
imaging period of 30 min. As shown in Figure 8c, the CNR in PC3 tumors increased 2.9-4.4
fold at 10 min after injection and peaked at 20 min for the GVK, SGV and ZD2 targeted
agents. The IGK and ProHance, however, showed a peak CNR at 10 min and then gradually
decreased. Overall, ProHance resulted in lower CNR in PC3 tumors, especially at the later
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time points (20 and 30 min) after the injection, compared to the peptide targeted contrast
agents.

MRI provides high-resolution images of soft tissues and has been routinely used in cancer
detection, diagnosis, therapeutic efficacy evaluation, and image-guided interventions.
However, the potential of molecular MRI for accurate detection and delineation of human
cancers, including prostate cancer, has not been fully utilized because of non-specificity of
the existing contrast agents. The development of cancer-specific MRI contrast agents is
hampered by the low sensitivity of MRI for molecular imaging. Although significant efforts
have been devoted to design nanosized targeted MRI contrast agents to improve the
sensitivity of molecular MR, the slow excretion of the nanosized contrast agents has
impeded their clinical development because of the safety concerns about their long-term
accumulation. For the first time, we have demonstrated the effectiveness of MR molecular
imaging of cancer with clinical translatable small molecular contrast agents in animal tumor
models.[30.:31.33.46:47] These agents are designed to target abundant oncoproteins in tumor
extracellular matrix, including fibrin-fibronectin clots and EDB-FN. Because of the
abundance of the molecular targets, a sufficient amount of the targeted contrast agents can
bind to the tumors to generate robust signal enhancement for effective MR molecular
imaging. The small size of the peptide targeted contrast agents allows rapid and complete
clearance as the clinical contrast agents, which will alleviate the safety concerns for clinical
translation.

We have shown in this study that the three new peptides are equally effective for MR
molecular imaging of prostate cancer as the previous reported ZD2 peptide, although they
bind to different sites of EDB protein fragment. The peptide targeted contrast agents are
based on a macrocyclic contrast agent, Gd-DOTA, which is approved for its high chelation
stability and minimal tissue retention, especially in the brain[48-50]. The robust and
prolonged signal enhancement of the targeted contrast agents in the aggressive PCa model
suggests that they are promising for effective molecular MRI of prostate cancer.
Nevertheless, further investigations are needed to determine their pharmacokinetics, tissue
retention and safety for clinical translation. Based on our previous publications about the
correlation of EDB-FN expression with tumor aggressiveness,[3%:31] these agents have a
potential to non-invasively assess tumor aggressiveness with MRI. They can be readily
incorporated into the existing protocols of multiparametric MRI for clinical management of
prostate cancer.

4. CONCLUSION

In this work, we synthesized four new peptide Gd-DOTA conjugates specific to EDB-FN as
targeted contrast agents for MR molecular imaging of prostate cancer. Computational
simulation indicates that the peptides bind to different sites of the EDB fragment. The
specific tumor binding of the peptides is demonstrated in mice bearing PC3 human prostate
cancer xenografts. The peptide targeted contrast agents have a good water solubility and
relatively high relaxivities. All of the targeted contrast agents produce robust and prolonged
signal enhancement in the tumor as compared to a clinical contrast agent. Because of the
high in vivo stability and good safety profile of Gd-DOTA, it is expected that the peptide
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targeted Gd-DOTA conjugates would have a good safety profile as the clinical agent.
Besides MR molecular imaging, the EDB-FN specific peptides have a potential to deliver
other imaging probes and therapeutics for cancer imaging and therapy. The targeted contrast
agents have a potential to provide accurate detection and diagnosis of aggressive prostate
cancer with molecular MRI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Electrostatic surface of EDB fragment and 3D stick molecular models of linear peptides

GVK (a), IGK (b), SGV (c), and ZD2 (d) fitted to the protein. For the surface of EDB, blue
indicates positive charged residues, red represents negative areas and white are neutral
regions. Active residues for docking calculations are numbered. For the peptide stick
models, green indicates the carbon atoms, blue indicates the nitrogen atoms, white indicates
the hydrogen atoms and red indicates the oxygen atoms.
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Figure 2.
In vivo fluorescence imaging of PC3-GFP xenograft mice injected with various peptide-

Cy5.5 at 10 nmol. Images were taken before and at 0.17, 0.5, 1.5, 3 and 24 hrs after injection
(a); in vivo fluorescence intensity of tumors (b) and kidneys (c) under arrows over the period
of 24 hrs. Tumor are indicated by full arrows, while kidneys are indicated by dotted arrows;
ex vivo fluorescence images of organs at 1.5 hr post injection(d) various peptide-Cy5.5 at 10
nmol. (n =5).
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Figure 3.
A typical synthetic procedure of the targeted contrast agents with ZD2-(Gd-DOTA) as an

example.
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Figure 4.
Chemical structure of each contrast agent and m/z measurements of the contrast agents,

GVK, IGK, SGV and ZD2.
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Figure 5.
Chemical structure of ZD2-Gd(HP-DO3A), Gd(HP-DO3A) and Gd-DOTA.
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Figure 6.
T4-weighted axial MRI images of PC3 tumor-bearing mice acquired pre-contrast (pre) and

at 10, 20 and 30 min after i.v. injection of each contrast agent at 0.1 mmol/kg. The tumors
are indicated by arrows (n = 5).
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Figure 7.
T41-weighted 3D FLASH coronal MR images of PC3 tumor-bearing mice acquired pre-

contrast (Pre) and at 10, 20 and 30 min after i.v. injection of GVK (a), IGK(b), SGV(c),
ZD2(d) Gd-DOTA conjugates and Gd(HP-DO3A) (e) at 0.1 mmol/kg respectively. In the
kidney cortex (full arrow) and outer medulla (round dot arrow), significant signal
enhancement was found at 10, 20 and 30 min following injection of all peptide agents. In the
inner medulla (dash arrow), high signal enhancement was found at 20 and 30 min as
compared to at 10 min for the agents. In the liver, slight increase of signal (arrow head) at
10, 20 and 30 min after injection of the agents; In the tumor (block full arrow), all targeted
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agents produced significantly high tumor contrast enhancement as compared to the contrast
agent Gd(HP-DO3A) (n =5).
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Figure 8.
Contrast to noise ratio of liver(a), kidney (b) and tumor(c). (n = 5) Error bars represent £

standard deviation.
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Table 2

Relaxivities of the contrast agents in 1.5 T in water, 37 °C.

Agents

ri (mMsec) r, (MM lsec™?)

Gd(HP-DO3A)
Gd-DOTA
GVK-(Gd-DOTA)
IGK-(Gd-DOTA)
SGV-(Gd-DOTA)
ZD2-(Gd-DOTA)
ZD2-Gd(HP-DO3A)

2.9
2.9
4.3
4.6
4.7
4.1
5.4

3.2
3.2
5.0
5.2
5.6
4.8
6.1
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