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Abstract

Prostate cancer is the most common noncutaneous malignancy affecting men in North America.
Radical prostatectomy remains a definitive treatment for prostate cancer. However, prostate
surgeries are still performed “blindly” with the extent of tumor infiltration past the margins of the
surgery only being determined postoperatively. An imaging modality that can be used during
surgery is needed to help define the tumor margins. With its abundant expression in prostate
cancer, prostate-specific membrane antigen (PSMA) is an ideal target for detection of prostate
cancer. The purpose of this study was to develop PSMA-targeted near-infrared (NIR) optical
imaging probes for intraoperative visualization of prostate cancer. We synthesized a high-affinity
PSMA ligand (PSMA-1) with low molecular weight and further labeled it with commercially
available NIR dyes IRDy800 and Cy5.5. PSMA-1 and PSMA-1-NIR conjugates had binding
affinities better than the parent ligand Cys-CO-Glu. Selective binding was measured for each of
the probes in both in vitro and in vivo studies using competitive binding and uptake studies.
Interestingly, the results indicated that the pharmacokinetics of the probes was dependent of the
fluorophore conjugated to the PSMA-1 ligand and varied widely. These data suggest that PSMA-
targeted probes have the potential to be further developed as contrast agents for clinical
intraoperative fluorescence-guided surgery.
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Introduction

Prostate cancer is the most diagnosed cancer among men in the United States.
Approximately 233,000 new diagnoses and 29,480 deaths from prostate cancer are projected
in 2014 among men in the United States (1). An estimated 91% of prostate cancers detected
at initial screenings are clinically localized and these patients are candidates for radical
prostatectomies. However, surgery fails to halt the disease in approximately 20% of the
patients who undergo radical prostatectomy and can be associated with comorbidities (2-4).
The main challenge with radical prostatectomy is that it is difficult for surgeons to assess
invasion of prostate cancer during surgery because it is often microscopic and “invisible” to
the surgeon during the procedure. Therefore, the entire gland is removed, the extent of
infiltrative disease only being revealed postoperatively by pathologic assessment of the
resected tissues. Consequently, approximately 20% of prostatectomies do not achieve
complete resections (positive margins identified postoperatively by pathology) resulting in
more than 60% recurrence of the disease in those patients (2, 4). There is an urgent need to
develop a technology that will improve the success rate for prostatectomies and
simultaneously reduce surgery-related morbidities in localized cancers. Particularly useful
would be an imaging technique that could be correlated with a relevant tumor biomarker.

Among the markers of prostate cancer, prostate-specific membrane antigen (PSMA) is the
most well-established, highly specific prostate epithelia cell membrane antigen known.
PSMA is a type Il membrane protein with a molecular weight at about 110 kDa, originally
identified from the human prostate cancer line LNCaP by Horoszewicz and colleagues (5-
7). It is highly expressed in most prostate cancers; its expression increases progressively in
higher grade cancers, metastatic diseases, and castration-resistant prostate cancer (6-11). In
addition, PSMA has also been found in the neovasculature of almost all solid tumors (9, 12,
13). Unlike other prostate-specific antigens, PSMA is not secreted and is membrane bound
(9). These properties make PSMA an attractive extracellular target for imaging and therapy.
The only FDA-approved imaging agent for targeting PSMA in prostate cancer is
ProstaScint. It consists of a murine antibody 7E11 labeled with 111In (14). However, the
antibody 7E11 binds to the intracellular domain of PSMA and therefore is not accessible for
viable cells. A second-generation antibody, J591, which binds to the extracellular domain of
PSMA, has been radiolabelled with 111In, 90Y and 177Lu and has demonstrated excellent
binding characteristics and tumor-to-background signals in clinical trials with metastatic and
castration-resistant prostate cancers (12, 15-19). A recent study has shown that 89Zr-J591
can identify intraprostatic tumor foci in patients with localized disease (18). The major
disadvantages of antibodies are the slow target recognition and background clearance in an
appropriate time frame for diagnostic imaging and reduced utility for image-guided surgical
approaches. The first small-molecule—based PSMA targeting imaging agent was reported in
2005 by Humblet and colleagues (20). Since then many small molecular PSMA-targeting
imaging agents have been developed for single-photon emission tomography (SPECT),
PET, and optical imaging (21-30). Among these imaging agents, the urea-based 18F-
DCFBC (25, 31, 32), 1231-MIP-1072 (26), and 123]-MIP-1095 (33) have entered into clinical
trials and shown the ability to detect both bone and soft-tissue metastases in patients with
prostate cancer.
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Over the past decade, optical imaging has emerged as a real-time, sensitive, and noninvasive
modality for visualization, localization, and measurement of bioactive molecules in vivo. It
would be ideal to have an imaging agent selectively targeted to tumor lesions for best
imaging contrast and diagnostic accuracy in vivo. This can be achieved by conjugation of
receptor ligands to optical probes. The objective of this study is to develop PSMA-targeted
near-infrared (NIR) imaging probes that can help define extraprostatic extension of prostate
cancer and help differentiate tumor margins during surgery, improving prostatectomies.
Recently, we have created a stable derivative of RBI-1033 (a nucleotide-based PSMA
receptor ligand), EE'Amc-Ahx-dEdEJEG with increased negative charge and demonstrated
its utility as a PET imaging agent (34). Here, we synthesized a similar high-affinity PSMA
ligand and conjugated it to different NIR fluorophores. Our results demonstrate that these
probes can bind efficiently and selectively to PSMA and that the fluorophores significantly
affect the pharmacokinetic behavior of the PSMA-NIR conjugates. Overall, our agents have
the potential to be further developed for diagnosis and image-guided surgery for prostate
cancer.

Materials and Methods

General

(9-2-(3-((9-5-amino-1-carboxypentyl)ureido)pentanedioic acid (Cys-CO-Glu) was custom
made by Bachem Bioscience Inc. H-Glu(OtBu)-OtBu was purchased from Bachem
Bioscience Inc. Fmoc-Rink Amide MBHA resin, Fmoc-(D)Glu(OtBu)-OH, Fmoc-Lys(Mtt)-
OH, Fmoc-Ahx-OH, and 2-(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetra-methylaminium
hexafluorophosphate (HCTU) were purchased from Peptides International Inc. Fmoc-Glu-a-
OtBu (Glu’) was from Novabiochem. Fmoc-Amc-OH was from ABX Advanced
Biochemical Compounds. All the other chemicals were purchased from Sigma-Aldrich Inc.

Synthesis of Glu-CO-Glu'-Amc-Ahx-Glu-Glu-Glu-Lys-NH, (PSMA-1)

PSMA-1 was synthesized manually using standard Fmoc chemistry. Generally, peptide was
synthesized at 0.2 mmol scale starting from C-terminal Fmoc-rink amide MBHA resin.
Fmoc deprotection at each cycle was carried out using 20% piperidine in DMF. Coupling
reactions were carried out using 3.3 equivalents of Fmoc amino acids in DMF activated with
3.3 equivalents of HCTU and 5 equivalents of diisopropylethylamine (DIPEA) in DMF.
These steps were repeated each time with an amino acid added. After the peptide sequence
Fmoc-Glu'-Amc-Ahx-Glu-Glu-Glu-Lys(Mtt) was built on the resin, the Fmoc group of N-
terminal amino acid Glu' was deprotected by 20% piperidine. Then, a chloroform solution
containing 3 equivalents of H-Glu(OtBu)-OtBu mixed with 2.5 equivalents of DIPEA was
prepared. The solution is then added slowly to 0.25 equivalents triphosgene in chloroform
over 10 minutes at room temperature. After 15-minute incubation, the reaction mixture was
mixed with Glu'-Amc-Ahx-Glu-Glu-Glu-Lys on rink amide resin preswollen in chloroform
with 2.5 equivalents of DIPEA. After the reaction was complete, the resin was washed with
DMF and then dichloromethane and dried. The peptide was cleaved from resin by TFA/
water/triisopropylsilane (950:25:25). The cleaved peptide was purified by preparative high-
performance liquid chromatography (HPLC). The products were ascertained by high-
resolution matrix-assisted laser desorption/ionization mass (MALDI-MS) spectra from an
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Applied Biosystem 4800 MALDI TOF/TOF Analyzer using positive ion mode. Retention

time was 18.6 minutes. MALDI-MS: C4gH74N10020, 1,087.5 (found); 1,087.1 (calculated).

Synthesis of PSMA-1-IR800

Coupling of PSMA-1 to IRDye800cw NHS ester (Li-Cor Biosciences) was performed in
DMF. Basically, 100 nmol of PSMA-1 was dissolved in 100 pL of DMF, to which 50 nmol
of IRDye800cw NHS ester in DMF was added. The reaction was carried out at room
temperature for 3 hours. The crude product was then purified by preparative HPLC. Yield:
67%. Retention time: 23.4 minutes. MALDI-MS: CgoH126N12034S4, 2,071.8 (found);
2,072.3 (calculated)

Synthesis of PSMA-1-Cy5.5

Cell culture

The compound was synthesized using the same method as the synthesis of PSMA-1-1R800
using Cy5.5 NHS ester (Lumiprobe Life Science Solutions). Yield: 73%. Retention time:
39.4 minutes. MALDI-MS: CggH115N1205, 1,651.7 (found); 1,651.8 (calculated).

HPLC was performed on a Shimadzu HPLC system equipped with a SPD-20A prominence
UV/isible detector and monitored at a wavelength at 220 nm for PSMA-1 or 254 nm for
PSMA-1-I1R800 and PSMA-1-Cy5.5. Preparative HPLC was achieved using Luna 5u
C18(2) 100A column (250 mm x 10 mm x 5 um; Phenomenex) at a flow rate of 3.0 mL/
min. Analytical HPLC was performed using an analytical Luna 5y C18(2) 100A column
(250 mm x 4.6 mm x 5 pm; Phenomenex) at a flow rate of 1.0 mL/min. The gradient used
was 5% to 55% acetonitrile against 0.1% trifluoroacetic acid over 30 minutes and then 55%
acetonitrile for another 15 minutes.

Retrovirally transformed PSMA-positive PC3pip cells and transfection control PC3flu cells
were obtained from Dr. Michel Sadelain in 2000 (Laboratory of Gene Transfer and Gene
Expression, Gene Transfer and Somatic Cell Engineering Facility, Memorial-Sloan
Kettering Cancer Center, New York, NY). The 2 cell lines were last checked and
authenticated by Western blotting in 2014. No genetic authentication was performed. Cells
were grown at 37°C and 5% CO, under a humidified atmosphere. Cells were maintained in
RPMI-1640 medium supplemented (Invitrogen Life Technology) with 2 mmol/L .-
glutamine and 10% FBS.

Partition coefficient (log P)

Determination of log P was performed by the “shake-flask method.” To a solution
containing 500 uL of octanol and 500 L of PBS (pH 7.4), 10 uL of 1 umol/L PSMA-1-NIR
was added. The resulting solution was vortexed and centrifuged at 3,000 rpm for 10 minutes.
Aliquots of 100 pL were removed from the octanol and the saline phase. The absorbance of
each layer was measured at 780 nm for PSMA-1-IR800 or 680 nm for PSMA-1-Cy5.5. Log
P was calculated as the average log ratio value of the absorbance in the octanol fraction and
PBS fraction from 3 samples.
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Competitive binding assay

The assay was carried out as previously reported (35). Briefly, PC3pip cells (5 x 10°) were
incubated with different concentrations of ligands in the presence of 12 nmol/L N-[N-
[(9-1,3-dicarboxypropyl]carbamoyl]-S-[3H]-methyl-L-cysteine (GE Healthcare Life
Sciences) in a total volume of 300 pL for 1 hour at 37°C. The mixture was centrifuged at
3,000 x g for 5 minutes at 4°C and then washed 3 times with 500 uL of cold PBS. Finally, 4
mL of EcoLume cocktail (MP Biomedicals) was added, and radioactivity was counted by
scintillation counter. The concentration required to inhibit 50% of binding is determined
(ICsq) by GraphPad Prism 3.0.

In vitro cellular uptake studies

PC3pip and PC3flu cells were plated on coverslips at about 70% confluency. After
incubating overnight to promote adherence, cells were treated with 1 umol/L of PSMA-1-
Cy5.5 or PSMA-1-IR800. After incubation for various times (5 minutes, 30 minutes, 1 hour,
and 4 hours), cells were washed 3 times with PBS, fixed with 4% paraformaldehyde,
counterstained with 4’,6-diamidino-2-phenylindole (DAPI), mounted with Fluor-Mount
aqueous mounting solution, sealed with nail polish, and observed using Leica DM4000B
fluorescence microscopy (Leica Microsystem Inc.). Blocking experiments were performed
by coincubation of PC3pip and PC3flu cells with 1 pmol/L of PSMA-1-Cy5.5 or PSMA-1-
IR800 and 10 umol/L of Cys-CO-Glu for 4 hours.

Mouse tumor xenograft models

All animal procedures were performed according to Institutional Animal Care and Use
Committee (IACUA)-approved protocols. Animals were fed on a special rodent diet (Harlan
Laboratories, Inc.) to reduce auto fluorescence. For flank tumor xenografts, 6- to 8-week-old
athymic nude mice were implanted subcutaneously with 1 x 10° of PSMA-negative PC3flu
and PSMA-positive PC3pip cells in 100 pL Matrigel under the right and left upper chests,
respectively. Animals were observed every other day until tumors reached at about 10 mm
in diameter. Orthotopic implantation of prostate cancer was carried as previously described
(36). Briefly, 6- to 8-week-old male athymic nude mice were first anesthetized by
intraperitoneal injection of 200 uL of 5 mg/mL ketamine/3 mg/mL xylazine solution in 0.9%
saline. The lower abdomen was open to expose the dorsolateral prostate, to which 10 to 20
uL cell suspension in PBS (5 x 107 cells/mL) was injected. The incision in the abdominal
wall was closed. After 4 weeks, animals were ready for experimentation.

In vivo NIR imaging studies

Imaging was performed with the aid of the Maestro In Vivo Imaging System (Perkin-Elmer)
with each mouse receiving 1 nmol of NIR probe in PBS through tale vein injection. Imaging
was performed at different time points using the appropriate filter set (deep red filter set for
PSMA-1-IR800 and yellow filter set for PSMA-1-Cy5.5). During imaging, the temperature
of imaging bed was adjusted to 37°C. Mice received inhalation of isofluorane through a nose
cone attached to the imaging bed. Mice were imaged over 5 days postinjection, after which,
the mice were sacrificed by cervical dislocation and tissues such as liver, kidneys, tumors,
heart, and bladder were harvested for ex vivo imaging. Fluorescent molecular tomographic
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(FMT) images were obtained using the FMT2500 Device (Perkin-Elmer), and 3-dimensional
reconstructions of fluorescent signals were acquired using the accompanying software,
TrueQuant. Quantification of fluorescent signals was obtained by calibration of PSMA-1-
IR800 and PSMA-1-Cy5.5 using the 780 and 680 nm channels, respectively. To block the
binding of PSMA-1-NIR in mice, mice were coinjected with 1 nmol of PSMA-1-NIR
probes and 100 nmol of ZJ-MCC-Ahx-YYYG, an analogue of PSMA-1 with similar binding
affinity but with no optical probe attached (34). Mice were imaged by the Maestro Imaging
System and FMT for up to 24 hours. For orthotopic mouse models, mice were imaged by the
Maestro Imaging System at 4 hours after tail vein injection of 1 nmol of PSMA-IR800 or 24
hours after tail vein injection of 1 nmol of PSMA-1-Cy5.5. After the completion of the
optical imaging, the mouse was euthanized, the abdomen was opened to expose the tumor,
and the mouse was again imaged. Finally, tumor was harvest for ex vivo imaging.

Statistical analysis

Results

Chemistry

To compare the data obtained from FMT, t test was used to analyze the data using Excel.

All compounds were characterized by MALDI-TOF MS to confirm the structure
(Supplementary Figs. S1-S3). PSMA-1 (Fig. 1) contains 3 o-glutamic acid residues to mimic
the negative charges on the phosphate backbone of RB11033 (the o-isomer was selected to
improve the molecule's in vivo stability). A lysine was introduced at the C-terminal end of
the ligand allowing future coupling with either IRDye800cw or Cy5.5. Both dyes are NIR
emitting dyes and can avoid the natural background fluorescence interference of
biomolecules, providing a high contrast between target and background tissues. The
attachment of IRDye800 to PSMA-1 shifted its HPLC retention time from 18.6 to 23.4
minutes, whereas the attachment of PSMA-1 to Cy5.5 shifted the retention time further to
39.4 minutes (Supplementary Figs. S1-S3). The hydrophobicity of the 2 PSMA-1-NIR
probes was determined by their log P values. PSMA-1-IR800 had a log P value at -2.14 +
0.17, and PSMA-1-Cy5.5 had a log P value at —1.02 £ 0.23. Therefore, PSMA-1-Cy5.5 is
more hydrophobic than PSMA-1-IR800, which concurred with the longer HPLC retention
time of PSMA-1-Cy5.5 than PSMA-1-IR800.

Competition binding studies

To determine the binding affinity of the newly synthesized ligands, we performed
competition binding studies (35). The results summarized in Table 1 show that the rationally
designed PSMA-1 has a binding affinity 4.3-fold better (IC5¢ = 2.30 nmol/L) than the parent
ligand Cys-CO-Glu (IC5p = 9.93 nmol/L). Interestingly, inclusion of IR800 further improved
the 1Cgg of PSMA-1-1R800 to 1.53 nmol/L; in contrast, introduction of Cy5.5 did not show
much effect to the binding affinity of PSMA-1-Cy5.5 (IC5¢ = 2.07 nmol/L).

In vitro cellular uptake results

To determine whether these new imaging probes would result in cellular binding and
labeling of PSMA-expressing cells, we performed in vitro uptake studies. PSMA-positive
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(PC3pip) or PSMA-negative (PC3flu) cells were incubated with 1 umol/L of either
PSMA-1-IR800 or PSMA-1-Cy5.5 for the indicated times, and cellular uptake was
monitored using fluorescence microscopy. Figure 2 shows typical fluorescence images of
PC3pip and PC3flu cells after incubation with PSMA-1-1R800 (Fig. 2A) or PSMA-1-Cy5.5
(Fig. 2B). Fluorescence in PC3pip cells was observed as early as 15 minutes after treatment
with PSMA-1-1R800 or PSMA-1-Cy5.5 and continued to increase for 1 hour reaching a
plateau thereafter. The internalized PSMA-1-NIR conjugates showed a distinct perinuclear
punctate localization. In contrast to the PC3pip cells, no uptake of fluorescence was
observed in PC3flu cells, even after 4 hours of incubation. To test whether the binding of
PSMA-1-labeled probes to cells was specific, the cells were coincubated with each probe
and a 10-fold excess of Cys-CO-Glu. It was found that the fluorescence in PC3pip cells was
completely competed by coincubation with Cys-CO-Glu, indicating that binding of
PSMA-1-IR800 and PSMA-1-Cy5.5 were selective for the PSMA receptor expressed on
the cells.

NIR imaging results

To evaluate the in vivo behavior of our PSMA-1-labeled probes, mice bearing both PSMA-
positive PC3pip and PSMA-negative PC3flu tumors were used. The NIR probe was injected
through a tail vein injection, and mice were imaged at the designated time points by both
Maestro and FMT imaging devices. When mice were injected with PSMA-1-1R800,
increased uptake in PSMA-positive PC3pip tumor was observed as early as 5 minutes post-
injection (Fig. 3A). The signal in PC3pip tumors kept increasing, reaching a peak at 4 hours
postinjection and then gradually declined. At early time points, the signals from the mouse
bladders were very strong but not retained, becoming minimal at later time points,
suggesting that the PSMA-1-1R800 probe was mainly excreted from the urinary tract. Five
days postinjection, mice were sacrificed, and organs were harvested for ex vivo imaging.
Bright fluorescent signal was observed in PC3pip tumors; some signal was observed in
mouse Kidneys but was much lower than that in PC3pip tumors; signals in other organs and
tissues including PC3flu tumors were minimal (Fig. 3B). To determine whether the in vivo
selectivity of the probe binding was retained in animal studies, we also performed an in vivo
competition assay. Mice were injected with 1 nmol PSMA-1-IR800 and a 100-fold excess
of a competitor (Fig. 3C). These studies showed little to no uptake of the PSMA-1-IR800
probe at any time points indicating effective competition and selectivity of probe binding
and retention by the tumors in vivo. Immediately following in vivo Maestro imaging, mice
were imaged by FMT to get 3-dimensional (3D) quantification of the probes (Fig. 3D). The
FMT data indicated that at 4 hours postinjection, the amount of PSMA-1-IR800 in PC3pip
tumors (71.2 = 14.4 pmol, 7.12% of injected dose) was significantly higher than that in
PC3flu tumors (7.5 1.8 pmol, 0.75% of injected dose; P = 0.0014) and also demonstrated
the effectiveness of the in vivo competitor to reduce PSMA-1-IR800 binding.

When mice were injected with 1 nmol of PSMA-1-Cy5.5, selective uptake in PSMA-
positive PC3pip tumor was initially observed 4 hours postinjection; the signal intensity in
PC3pip tumors reached their greatest values 24 hours postinjection and then remained
virtually unchanged for 120 hours (Fig. 4A). FMT 3D quantification of the signals in the
tumors indicated that at 24 hours postinjection, the amount of PSMA-1-Cy5.5 in PC3pip
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tumors (50.8 + 2.6 pmol, 5.08% of injected dose) was more than 10-fold higher than that in
PC3flu tumors (4.5 = 0.8 pmol, 0.45% of injected dose; P = 0.0017; Fig. 4D). The excellent
selectivity of PSMA-1-Cy5.5 was also demonstrated by ex vivo imaging of removed organs,
in which the signals in PC3pip tumor were significantly higher than in other organs
including the kidneys (Fig. 4B). In vivo competition studies indicated that PSMA-1-Cy5.5
selectively bound PSMA receptors in vivo as little to no uptake was measured when the
probe was injected with an excess of PSMA competitor (Fig. 4C and D).

To further demonstrate the utility of the new PSMA-1-NIR conjugates, we tested whether
these agents were able to recognize PSMA-expressing tumors that were orthotopically
implanted into the prostate capsule of male mice (Fig. 5). Mice were euthanized at 4 hours
after injection of 1 nmol of PSMA-1-IR800 or 24 hours postinjection of 1 nmol PSMA-1-
Cy5.5. The mouse abdomen was opened to expose the tumor for imaging. Significant
fluorescent signal was taken up by the tumor, whereas little fluorescence was observed in
the surrounding tissues for both PSMA-1-1R800 (Fig. 5A and D) and PSMA-1-Cy5.5 (Fig.
5G and J). Ex vivo imaging of the PC3pip tumor demonstrated comparable fluorescent
signal with that obtained by in vivo imaging (Fig. 5B, C, E, and F for PSMA-1-1R800 and
Fig. 5H, I, K, and L for PSMA-1-Cy5.5). These data confirmed that PSMA-1-IR800 and
PSMA-1-Cy5.5 can selectively recognize and bind to orthotopic PC3pip tumors.

Discussion

The purpose of this study was to develop PSMA-targeted NIR imaging agents to help
identify prostate tumors. We have synthesized a urea-based PSMA ligand (PSMA-1) and
identified 2 NIR molecular imaging probes for noninvasive selective detection of tumors
expressing PSMA in live animals. The ligand PSMA-1 reported here is a new urea-based
PSMA ligand rationally designed on the basis of our previous structure—activity relationship
studies of a 2-5A-based PSMA analogue, RBI1033 (35, 37). PSMA-1 demonstrated
improved binding affinity (ICsg = 2.30 nmol/L) to PSMA receptor compared with the parent
ligand Cys-CO-Glu (IC5 = 9.93 nmol/L) as determined by a competition binding assay.

A major concern of conjugation of a bulky dye to the ligand is that the dye might
significantly interfere between the interaction of the ligand and receptor, causing loss of
binding affinity. This, however, was not the case for these compounds. PSMA-1-IR800 and
PSMA-1-Cy5.5 showed comparable or even improved binding affinity to the PSMA
receptor compared with the unlabeled PSMA-1 itself. We hypothesize that the fluorophore
conjugated to a long peptide linker of glutamate may exploit both the S1 and S1’ regions of
the PSMA-binding site by positioning the large fluorophores outside of the 20 A long
substrate-binding pocket (S1) of PSMA (38, 39) reducing any steric hindrance and
increasing binding affinity by exploiting the glutamate-binding region. Invitro cellular
uptake experiments with PSMA-1-IR800 and PSMA-1-Cy5.5 showed that it can selectively
bind to and be taken up by PSMA-expressing PC3pip cells but not by cells that do not
express PSMA, that is, PC3flu cells. In the presence of excess amount of Cys-CO-Glu, the
binding of PSMA-1-IR800 and PSMA-1-Cy5.5 to PC3pip cells was competed, indicating
the binding is specific to the PSMA receptor. It has been found that the PSMA or PSMA-
antibody complex undergoes internalization through clathrin-coated pits, closely resembling
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that of transferrin receptor internalization pathway, a receptor with which the PSMA
receptor has a high degree of homology (40). Our results showed that our PSMA-1-NIR
probes are internalized into the cells forming a punctate accumulation in the perinuclear
region, suggesting that PSMA is localized to the recycling endosome (41). The
internalization of our low molecular weight ligand PSMA-1 also suggests that PSMA-1 may
serve as a putative ligand for the PSMA receptor to substitute for antibodies not only for
imaging but also for targeted therapeutic approaches, creating options such as the use of
toxin or drug conjugates targeted to cancerous cells.

In in vivo experiments, both PSMA-1-IRdye800 and PSMA-1-Cy5.5 showed excellent
binding selectivity to PSMA-positive PC3pip tumors with more than a 10-fold differential
between PC3pip and PC3flu tumors. Interestingly, the 2 probes showed distinctively
different pharmacokinetic behaviors (Supplementary Fig. S4). The amount of PSMA-1-
IR800 reached its highest levels in PSMA-positive PC3pip tumors at 4 hours postinjection,
whereas it took PSMA-1-Cy5.5 24 hours to reach its highest amount in PC3pip tumors.
PSMA-1-1R800 was washed out relatively rapidly from the tumor, clearing in 24 to 120
hours. In contrast, in vivo studies with PSMA-1-Cy5.5 demonstrated that the probe
remained tumor associated and virtually unchanged 5 days after administration. To
understand this, we compared the structure of each fluorophore in the PSMA-1-NIR probes,
which are otherwise virtually identical. IRDye800 contains 3 more negatively charged
sulfate groups than Cy5.5. Therefore, PSMA-1-Cy5.5 is less polar and much more
hydrophobic (log P = -1.02) than IRDye800 (log P = —2.14), and this difference may be
responsible for the vastly different pharmacokinetics of the 2 PSMA-1-NIR probes. Other
studies where fluorophores of intermediate polarity to IRDye800 and Cy5.5 were conjugated
to PSMA-1 showed still different in vivo kinetics (data not shown), suggesting that polarity
of the fluorophore might dramatically influence pharmacokinetics of the agents. The
phenomenon that a particular NIR dye can affect the pharmacokinetics of a conjugated
probe was also reported by Chen and colleagues (30). They observed that more hydrophobic
probe has longer retention time in the body, consistent with our findings.

To further demonstrate that binding of our PSMA-1-NIR probes are specific for PSMA in
vivo, competition studies were conducted by coinjection into the mice both PSMA-1-NIRs
and a 100-fold excess of ZJ-MCC-Ahx-YYYG, a high affinity binder to the PSMA receptor
(34). We first tried these studies using Cys-CO-Glu or PSMA-1 but were unable to achieve
effective competition using up to a 1,000-fold excess of Cys-CO-Glu or PSMA-1. This is
likely due to the rapid clearance from the body measured for Cys-CO-Glu (25) which may
also be the case for the underivatized PSMA-1. We therefore conducted the in vivo
competition studies using the more hydrophobic ligand ZJ-MCC-Ahx-YYYG. Using this
agent, we were able to measure strong and significant displacement of the PSMA-1-NIRs
(Figs. 3C and D and 4C and D). For example, in competition studies with PSMA-1-Cy5.5
and a 100-fold excess of ZJ-MCC-Ahx-YYYG, the amount of PSMA-1-Cy5.5 in PC3pip
tumor decreased from 50.8 + 2.6 pmol/g to 5.4 £ 5.74 pmol/g (P = 0.0018), demonstrating
that approximately 90% of PSMA-1-Cy5.5 in PC3pip tumors was competed. In contrast, the
amount of PSMA-1-Cy5.5 in PC3flu tumors remained unchanged (4.27 + 0.98 pmol/g
compared with 4.51 + 0.77 pmol/g, P = 0.454). Similar results were obtained for the

Mol Cancer Ther. Author manuscript; available in PMC 2015 June 18.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 10

competition studies with PSMA-1-1R800, in which more than 95% PSMA-1-IR800 in
PC3pip tumors was displaced (P = 0.0003). These results again suggest that high PC3pip
tumor uptake of the PSMA-1-NIRs is due to PSMA-specific binding.

Since the discovery of PSMA, a wide variety of imaging agents targeting PSMA have been
reported. A majority of them are radiopharmaceuticals, but noninvasive optical agents are
also presented. Humblet and colleagues synthesized the first phosphoramidate-IRDye78
(GPI-78) conjugate with a binding affinity at K;j = 9 nmol/L, but GPI-78 was cleared too fast
from the body, and imaging had to be performed 20 seconds postinjection resulting in very
low tumor signals (20). Liu and colleagues reported a Cy5.5-labeled phosphoramidate
peptidomimetic PSMA ligand Cy5.5-CTT-54.2 with ICgq at 0.55 nmol/L (42). This probe
demonstrated the ability to specifically label PSMA-positive prostate cancer cells, but no
further in vivo imaging data were reported. Nakajima and colleagues synthesized an
activatable J591-1CG conjugate with high specificity to PSMA; however, it took 2 days to
be sufficiently activated and taken up by the tumor (43).

Recently, Chen and colleagues reported high PSMA-specific uptake in vivo with 800CW-2-,
800CW-3-, Cy7-2-, and Cy7-3—-labeled probes (30), however, a direct comparison of
binding affinity of these agents with our compounds cannot be made as K; of these
conjugates for NAALADase activity of the PSMA receptor were reported instead of binding
affinity. In this work, Chen and colleagues reported imaging, uptake, and biodistribution
results up to 24 hours postinjection for optical imaging probes and noted that the linker
chemistry and the fluorophore both can affect the pharmacokinetics of the probes. In our
study, we measured the uptake of the conjugates during an elongated time course and
demonstrated significant differences in probe pharmacokinetics that were fluorophore-
dependent and long-lived. Given the large impact of the fluorophore on the
pharmacokinetics of these agents, full pharmacokinetic studies are important for the
determination of the best way to use the imaging agents. Overall our probes show favorable
pharmacokinetic behavior, fast tumor accumulation, and rapid clearance compared with the
antibody-based J591-ICG conjugate and suggest a future potential of developing these
agents for optical imaging of prostate cancer.

In cancer surgery, it is of utmost importance to exactly identify the extent of malignancy
because the presence or absence of tumor cells after surgical removal is a decision factor in
determining the therapeutic approach and the success of said therapy. Radiological
techniques such as X-ray, CT, and MRI have been considered in assisting surgery, but these
are not very useful for intraoperative application. While SPECT (44, 45) is possible to be
used intraoperatively, patients and the surgeons will be exposed to the danger of ionizing
radiation. In contrast, fluorescent imaging can provide real-time imaging during surgery,
improving detection of tumors tissues and more radical removal of tumor tissues without
radiation exposure. Indocyanine green (ICG) is one of the first fluorescent dyes tested for
intraoperative application in glioma surgery (46). It has also shown promise in intraoperative
sentinel lymph node mapping (47). The combination of optical imaging technologies with
tumor-targeting strategies can shift the paradigm of surgical oncologic imaging, offering the
unique opportunity to intraoperatively detect and quantify tumor growth and intraabdominal
spread. Notably, fluorescent imaging probes have recently been successfully applied for the
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intraoperative detection of ovarian cancer. Recently, Nature Medicine describes the first use
of intraoperative, tumor-specific, folate receptor—targeted fluorescence imaging to highlight
the precise position of small groups of cancer cells in women with ovarian cancer, thereby
allowing the surgeon to carefully excise these small groups of cells (48).

For prostate cancer removal, a modality to guide surgery will be extremely useful due to the
complicated structure of the prostate gland. The prostate is surrounded by many nerves and
sphincter urethrae muscle fibers, which control different excretory and erectile functions. It
has been shown that significant side effects can result from radical surgery, including
genitourinary, gastrointestinal, and sexual dysfunction (49). The ideal fluorescent imaging
agent for intraoperative use should be able to help surgeons (i) accurately define tumor
spread and determine the aggressiveness of the surgical intervention in real-time, for
example, determine whether the cavernous nerves need to be removed or could be spared
during surgery and (ii) avoid leaving behind the cancerous tissue that is commonly
associated with pathologically positive surgical margins. We have tried an IRDye800-
labeled PSMA-targeting conjugate on mice bearing PC3pip flank tumors using a Da Vinci
system for robotic surgery, and negative surgical margins were obtained for all excised
PC3pip tumors (50) underscoring the potential impact of this technology. The 2 probes
reported here have prolonged uptake in PSMA-positive tumors, especially PSMA-1-Cy5.5,
and therefore may be more suitable for combination with the Da Vinci System intraoperative
image-guided surgery. In the future, we will combine this technology with targeted
therapeutics that will allow “clean up” of cancerous tissues that might not be accessible to
the surgeons' scalpel.

Conclusion

In summary, a peptide-based highly negatively charged PSMA ligand was designed and 2
PSMA-targeting NIR probes were synthesized on the basis of the new ligand. The molecules
were evaluated in vitro and in vivo. Both probes demonstrated high binding affinity and
selectivity for PSMA on PC3pip tumors. Our data suggested that the 2 NIR probes reported
here have the ability to effectively distinguish between PSMA-expressing and
nonexpressing tumors and other tissues. They have the potential to aid in the diagnosis of
prostate cancer. Importantly, it may also have the potential to reshape standard
prostatectomies. In the future, probes like these will enable surgeons to identify
extracapsular disease, which is currently invisible during prostatectomy, decide whether
surgical removal is possible, allow discrimination between diseased, normal, and neural
tissues preventing significant morbidities and result in improved patient outcome.
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Figure 2.
In vitro cellular uptake results of PSMA-1-1R800 and PSMA-1-Cy5.5. PSMA-positive

PC3pip cells and PSMA-negative cells PC3flu cells on coverslips were incubated with no
probe (0 minutes, A and B) or 1 pmol/L of PSMA-1-IR800 (A) or 1 pmol/L of PSMA-1-
Cy5.5 (B) for 15 minutes, 30 minutes, 1 hour, and 4 hours. The nucleus was stained by
DAPI (false color blue), and uptake of PSMA-1-IR800 and PSMA-1-Cy5.5 was assessed
by fluorescence microscopy (false color red). Specificity of PSMA-1-NIR conjugates to
PSMA was evaluated by incubation of PC3pip and PC3flu cells with 1 pmol/L of PSMA-1-
NIR conjugates and 10 pumol/L of Cys-CO-Glu, last column in each panel. Signal in PC3pip
cells was significantly competed by Cys-CO-Glu, suggesting that the binding of PSMA-1-
IR800 and PSMA-1-Cy5.5 to PSMA is specific. Images are taken at 40x. Representative
images are shown from 3 independent experiments.
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Figure 3.
Imaging of PSMA-1-IR800 in mice bearing flank PC3pip and PC3flu tumors. A, in vivo

Maestro imaging of a typical mouse treated with PSMA-1-IR800. Mice received 1 nmol of
PSMA-1-1R800 via tail vein injection and then were imaged at the designated times.
Representative images are shown of n = 5. B, ex vivo imaging of mice organs at 120 hours
postinjection of PSMA-1-1R800. The fluorescent signal in PC3pip tumor was significantly
higher than in other organs. C, in vivo Maestro imaging of mice injected with 1 nmol of
PSMA-1-I1R800 and 100 nmol of a selective PSMA receptor—binding molecule, ZJ-MCC-
Ahx-YYYG (34). Images are on the same scale as in A. Blockade of fluorescent uptake in
PC3pip tumors was observed. D, FMT 3D quantification of PSMA-1-IR800 in PC3pip and
PC3flu tumors from the mice used in A and C. Values represent mean + SD of 5 animals.
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Imaging of PSMA-1-Cy5.5 in mice bearing flank PC3pip and PC3flu tumors. A, in vivo
Maestro imaging of mice treated with PSMA-1-Cy5.5. Mice received 1 nmol of PSMA-1-
Cy5.5 through tail vein injection and then were imaged at the indicated times.
Representative images of n = 5 mice are shown. Selective uptake in PC3pip tumors was
observed. Highest PC3pip tumor uptake was observed 24 hours postinjection. B, ex vivo
imaging of mice organs at 120 hours postinjection of PSMA-1-Cy5.5. The fluorescent
signal in PC3pip tumor was significantly higher than in other organs. C, in vivo Maestro
imaging of mice injected with 1 nmol of PSMA-1-Cy5.5 and 100 nmol of a selective PSMA
receptor—binding molecule, ZJ-MCC-Ahx-YYYG (34). Images are on the same scale as in
A. Blockade of fluorescent uptake in PC3pip tumors was observed. D, FMT 3D

quantification of PSMA-1-Cy5.5 in PC3pip and PC3flu tumors from mice used in A and C.
Values represent mean + SD of 5 animals.
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Figure 5.
PSMA-1-NIR probes can selectively target orthotopic PSMA-positive PC3pip tumors as

shown by Maestro images. Mice received 1 nmol of PSMA-IR800 (A-F) or 1 nmol of
PSMA-1-Cy5.5 (G-L) via a tail vein injection. Mice were sacrificed at 4 hours postinjection
of PSMA-1-1R800, the abdomen opened to expose the tumor, and both black and white
images (A) and fluorescent images (D) were taken. Organs were then harvested for ex vivo
images (B and E) and finally tumors were imaged separately ex vivo (C and F). Mice that
were administered PSMA-1-Cy5.5 were sacrificed at 24 hours postinjection; the abdomen
was opened to expose tumor and then imaged. Both black and white images (G) and
fluorescent images (J) were taken, organs were harvested for imaging (H and K), and finally
tumors were imaged separately ex vivo (I and L). Pictures are representative images of 4
mice for each probe. Bright fluorescent signal was observed in PC3pip tumor.
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Table 1
Summary of competitive binding results of new conjugates

Cys-CO-Glu PSMA-1 PSMA-1-IR800 PSMA-1-Cy5.5

ICs5p, Nnmol/L~ 9.93+0.07  2.30 £0.06 153+0.14 2.07+0.13

NOTE: ICg( is the concentration required to inhibit the binding of N—[N—[(S)—1,3—dicarboxypropyl]carbamoyl]—S[3H]—methyI—L—cysteine by 50%.
Values are mean + SD of 3 replicates.
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