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Resection of tumors using targeted dual-modality probes combining
preoperative imaging with intraoperative guidance is of high clinical
relevance and might considerably affect the outcome of prostate cancer
therapy. This work aimed at the development of dual-labeled prostate-
specific membrane antigen (PSMA) inhibitors derived from the estab-
lished N,N’-bis[2-hydroxy-5-(carboxyethyl)benzyllethylenediamine-N,
N'-diacetic acid (HBED-CC)-based PET tracer 68Ga-Glu-urea-Lys
(Ahx)-HBED-CC (68Ga-PSMA-11) to allow accurate intraoperative
detection of PSMA-positive tumors. Methods: A series of novel
PSMA-targeting fluorescent dye conjugates of Glu-urea-Lys-HBED-
CC was synthesized, and their biologic properties were determined
in cell-based assays and confocal microscopy. As a preclinical
proof of concept, specific tumor uptake, pharmacokinetics, and
feasibility for intraoperative fluorescence guidance were investi-
gated in tumor-bearing mice and healthy pigs. Results: The
designed dual-labeled PSMA inhibitors exhibited high binding
affinity and PSMA-specific effective internalization. Conjuga-
tion of fluorescein isothiocyanate (10.86 = 0.94 percentage in-
jected dose [%ID]/g), IRDye800CW (13.66 + 3.73 %ID/g), and
DyLight800 (15.62 *= 5.52 %ID/g) resulted in a significantly in-
creased specific tumor uptake, whereas ©8Ga-Glu-urea-Lys-
HBED-CC-AlexaFluor488 (9.12 + 5.47 %ID/g) revealed a tumor
uptake similar to that of 68Ga-PSMA-11 (4.89 = 1.34 %ID/g). The
first proof-of-concept studies with the clinically relevant candi-
date ©8Ga-Glu-urea-Lys-HBED-CC-IRDye800CW reinforced a
fast, specific enrichment in PSMA-positive tumors, with rapid
background clearance. With regard to intraoperative navigation,
a specific fluorescence signal was detected in PSMA-expressing
tissue. Conclusion: This study demonstrated that PSMA-11-
derived dual-labeled dye conjugates are feasible for providing
PSMA-specific pre-, intra-, and postoperative detection of pros-
tate cancer lesions and have high potential for future clinical
translation.
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Precise detection and resection of tumor tissue is of major
importance for the treatment outcome and survival of patients.
In prostate cancer, tumor visualization by multiparametric MRI
or hybrid imaging has improved significantly over the past few
years (/). Despite the excellent preoperative localization of tumors
with diagnostic radiopharmaceuticals, the entirely surgical resec-
tion of tumor tissue remains challenging (2,3). Hence, surgical
intervention for prostate cancer comes with the risk that tumor
tissue may be left behind, thereby increasing the potential for
cancer recurrence (4). As a result, there is still a huge demand
to improve the intraoperative navigation of the surgeon by further
simplifying discrimination between malignant and healthy tissue.

Besides radioguided navigation, intraoperative near-infrared
imaging has made promising advances to improve the care of
prostate cancer patients (5,6). The nontargeting agents methylene
blue and indocyanine green represent the first Food and Drug
Administration—approved compounds with near-infrared fluores-
cence properties for clinical use. However, combining radionu-
clide and near-infrared imaging in dual-modality agents has
been proved to merge the strength of both techniques (7). The appli-
cation of dual-modality indocyanine green—°°™Tc-nanocolloids
was one of the first approaches emphasizing improved surgical
accuracy through detection of sentinel lymph nodes with com-
bined radioactive and fluorescent signals in clinical proof-of-
concept studies (8).

However, the ability of nontargeted imaging to visualize residual
tumors is limited. Because of tumor-independent enrichment of
nontargeted probes, precise discrimination between tumor and
healthy tissue is not possible. In the case of dual-modality indocy-
anine green—"""Tc-nanocolloids, a distribution along the lymphatic
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system enables the detection of sentinel lymph nodes in the lymphatic
drainage area of the primary tumor. Because of the regional
application, a high enrichment close to the injection side enhances
background uptake in the pelvic area, and lesions outside the lym-
phatic distribution route might not be identified (7).

To overcome these restrictions, dual-labeled probes specifically
targeting prostate cancer cells have been developed. The prostate-
specific membrane antigen (PSMA) has been found to be overex-
pressed in prostate cancer (9). Because the upregulation of PSMA
correlates with the malignancy of the carcinoma (/0), PSMA be-
came an established target for the diagnosis and therapy of prostate
cancer. Besides monomodality probes providing either radionuclide
(11-16) or fluorescence imaging (/7-20), only a few antibody- or
small-molecule-based dual-modality agents targeting the extracel-
Iular domain of PSMA have been designed (21,22). However, in
antibody approaches, specific tumor visualization is hampered by
the long circulation in the blood pool, whereas small-molecule
probes show fast pharmacokinetics resulting in clear imaging con-
trast at early time points after injection. Because the biologic prop-
erties of small molecules are typically affected by their conjugation
with chelators or fluorescent dyes, the challenge in the design of
dual-modality probes is to preserve favorable pharmacokinetic pro-
perties along with a high and specific tumor uptake.

In this study, the clinically established N,N’-bis[2-hydroxy-
5-(carboxyethyl)benzyl]ethylenediamine-N,N'-diacetic acid (HBED-
CC)-based PET tracer °8Ga-Glu-urea-Lys(Ahx)-HBED-CC
(%8Ga-PSMA-11) was selected as a low-molecular-weight PSMA in-
hibitor core structure showing fast clearance from blood and back-
ground organs and a high specific uptake in prostate cancer lesions (12,
23,24). Here, we present the preclinical evaluation of novel dual-
labeled PSMA inhibitors based on PSMA-11 with advantageous phar-
macokinetics and considerably improved targeting properties for
sensitive pre-, intra-, and postoperative detection of prostate cancer.

MATERIALS AND METHODS

Chemical Synthesis and Radiolabeling

All commercially available chemicals, reagents, and solvents
were of analytic grade and used without further purification. The bis-
tetrafluorophenyl-functionalized HBED-CC was synthesized as described
previously (25). The product with the tetrafluorophenyl-activated sites
(0.157 mmol) was reacted with tri-fers-butyl—protected Glu-urea-Lys
(0.9 equivalents, 0.141 mmol, 68.90 mg; ABX) in dimethylformamide
in the presence of 25 pL of N,N-diisopropylethylamine. After 4 h at room
temperature, an excess of 100 wL of 2,2'-(ethylenedioxy)bis(ethylamine)
was added, and the mixture was reacted for 16 h at room temperature to
form tri-tfert-butyl-protected ~Glu-urea-Lys[Fe(HBED-CC)]-PEG,-NH,.
The activated dyes fluorescein isothiocyanate (isomer I, 1 equivalent,
1 mg; Merck) and AlexaFluor488 tetrafluorophenyl ester (1 equivalent,
1 mg; Thermo Fisher Scientific) were dissolved in 50 wL of dimethyl
sulfoxide and conjugated to Glu-urea-Lys[Fe(HBED-CC)]-PEG,-NH,
(3 equivalents) in dimethylformamide (300 L) and N,N-diisopropy-
lethylamine (15 pL) for 24 h at room temperature. The conjugation of
IRDye800CW-NHS-ester (1 equivalent, 1 mg; LI-COR Biosciences)
and Dylight800-NHS-ester (1 equivalent, 1 mg; Thermo Fisher Scien-
tific) to Glu-urea-Lys[Fe(HBED-CC)]-PEG,-NH, was performed in
phosphate-buffered saline (PBS) (pH 8.5, 300 wL) for 24 h at room
temperature. Complexed Fe3™ was removed on a Sep-Pack C18 car-
tridge (Waters) with 1 M HCI as described previously (25). The final
conjugates were purified and analyzed by reversed-phased high-
performance liquid chromatography (HPLC) and matrix-assisted la-
ser desorption/ionization mass spectrometry (Table 1). To further
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TABLE 1
Analytic Data of Compounds

m/z )
- Chemical
Compound Calculated Found yield (%)
Glu-urea-Lys-HBED-CC- 1,355.4 1,356.9 23
FITC
Glu-urea-Lys-HBED-CC- 1,478.4 1,481.5 27
AlexaFluor488
Glu-urea-Lys-HBED-CC- 1,950.2 1,951.4 35
IRDye800CW
Glu-urea-Lys-HBED-CC- 1,902.1  1,901.9 18
DyLight800

m/z = mass-to-charge ratio (g/mol) on mass spectrometry of
nonlabeled ligand; FITC = fluorescein isothiocyanate.

Chemical yield refers to fluorescent dye conjugation reaction to
Glu-urea-Lys[Fe(HBED-CC)]-PEG,>-NH,.

characterize the precursor Glu-urea-Lys[Fe(HBED-CC)]-PEG,-NH,,
high-resolution mass spectrometry and nuclear magnetic resonance
were additionally performed. Preparative HPLC was performed with
LaPrep P110 (VWR) equipped with a Nucleodur Sphinx RP column
(VWR) and a variable ultraviolet detector (P314; VWR) with a flow
rate of 20 mL/min. An Agilent 1100 series system (Agilent Technol-
ogies) was equipped with 100 X 10 mm Chromolith RP-18e columns
(Merck) for semipreparative HPLC and with 100 x 4.6 mm Chromo-
lith RP-18e columns for analytic HPLC. Ultraviolet absorbance was
measured at 214 and 254 nm, respectively.

%8Ga (half-life, 68 min; B+, 89%; B maximum energy, 1.9 MeV)
was obtained from a pyrogallol resin support-based %Ge/*8Ga generator
(26). For %8Ga labeling, the precursor peptides (I nmol in 2-[4-
(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid buffer [S80 mg/mL]
with 5 mg of ascorbic acid, 90 wL) were added to 40 pL of %¥Ga-Ga3™
eluate (~40 MBq). The pH was adjusted to 3.8 using NaOH; typically,
1-2 pL of 30% NaOH were sufficient. The reaction mixture was in-
cubated at 98°C for 10 min. The radiochemical yield was determined by
analytic reversed-phase HPLC and reversed-phase thin-layer chromatog-
raphy on silica gel plates (60 RP-18 F,s45; Merck) with 0.1 M sodium
citrate as a mobile phase. For ®/7!Ga-complexation, the precursor pep-
tides (1 mM in 0.1 M 2-[4-(2-hydroxyethyl)piperazin-1-ylJethanesul-
fonic acid buffer, pH 7.5, 40 pL, 40 nmol) were reacted with a
10-fold molar excess of Ga(Ill)-nitrate (Sigma-Aldrich) in 0.IN HCl
(10 pL) and 10 pL of 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesul-
fonic acid solution (2.1 M) overnight at room temperature. The pH of
the labeling solution was adjusted to 4.2 using NaOH. The lipophilicity
of the %3Ga-labeled compounds was determined using the 2-phase sys-
tem n-octanol and PBS.

Cell Culturing

PSMA-positive LNCaP cells (CRL-1740; ATCC) and PSMA-
negative PC3 cells (CRL-1435; ATCC) were cultured in RPMI medium
enriched with 10% fetal calf serum and 2 mM L-glutamine (all from
PAA). Cells were grown at 37°C in humidified air with 5% CO, and
were harvested using 0.25% trypsin and 0.02% ethylenediaminetetra-
acetic acid (Invitrogen).

Cell Binding and Internalization
The competitive cell binding assay and internalization experiments
were performed as described previously (/2). Briefly, competitive
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binding was done by incubating various concentrations of %7'Ga-
labeled or noncomplexed compound in the presence of %3Ga-labeled
radioligand [Glu-urea-Lys(Ahx)],-HBED-CC (PSMA-10; ABX). In-
ternalization was determined by incubation of 30 nM radiolabeled
compound for 45 min at 37°C and at 4°C, respectively. For blocking
studies, 500 wM 2-(phosphonomethyl)-pentanedioic acid was used.
Cell-bound radioactivity and the collected fractions were measured
using a y-counter (Packard Cobra II; GMI).

Microscopy

For confocal microscopy, 103 cells were seeded in a poly-L-lysine—
coated 4-well Nunc Lab-Tek II Chamber Slide system (Thermo Fisher
Scientific) 48 h before incubation. After 1 washing with PBS, the cells
were incubated with 300 pL of noncomplexed Glu-urea-Lys-HBED-
CC-AlexaFluor488 (10 nM) in medium supplemented with 10% fetal
calf serum and 2 mM L-glutamine (all from PAA) for 5, 15, or 30 min,
respectively. Blocking studies were performed by incubating a 10 nM
solution of noncomplexed Glu-urea-Lys-HBED-CC-AlexaFluor488
for 30 min in the presence of 2-(phosphonomethyl)-pentanedioic acid
(500 wM). After incubation, the cells were washed with PBS and fixed
for 10 min with paraformaldehyde (2% in PBS). After 3 washings
with PBS, the chamber was removed. For mounting, 1 drop of Pro-
Long Diamond Antifade Mountant with 4',6-diamidino-2-phenylin-
dole dihydrochloride (Thermo Fisher Scientific) per well was used,
and the slides were covered with a Karl Hecht cover glass 0.17 = 0.01
mm thick. The cellular uptake and internalization of the noncom-
plexed Glu-urea-Lys-HBED-CC-AlexaFluor488 was measured using
a confocal Leica TCS SP5 II microscope (Leica) equipped with
a x63/1.40 oil objective. The measurement was performed with a
405-nm-diode and Argon laser (488 nm), with detection windows of
415-484 nm for 4',6-diamidino-2-phenylindole dihydrochloride and
498-587 nm for Glu-urea-Lys-HBED-CC-AlexaFluor488.

Biodistribution and Imaging Studies

For the experimental mouse tumor models, 5 x 10° LNCaP or PC3
cells (in 50% Matrigel; Becton Dickinson) were subcutaneously in-
oculated into the right trunk of 7- to 8-wk-old male BALB/c nu/nu
mice (Charles River Laboratories). The tumors were allowed to grow
to a size of approximately 1 cm?3. For organ distribution studies, the
%8Ga-labeled compounds were injected into a tail vein (1-2 MBq,
60 pmol; n = 3). The animals were sacrificed at 1, 2, or 6 h after
injection. Organs of interest were dissected, blotted dry, and weighed.
The radioactivity was measured using a <y-counter and calculated
as %ID/g.

For the small-animal PET studies, the mice were anesthetized (2%
sevoflurane; Abbott) and placed into a PET scanner (Inveon PET;
Siemens). After a 10-min transmission scan, 0.5 nmol of the °8Ga-
labeled compounds in 0.9% NaCl (pH 7) were injected into the tail
vein, after which a dynamic scan was obtained for 60 min and a static
scan was obtained from 120 to 140 min (n = 1). The images were
iteratively reconstructed (16 subsets, 4 iterations) applying median
root prior correction and were converted to SUV images.

For the small-animal proof-of-concept study, LNCaP tumor-bearing
mice underwent small-animal PET imaging for 2 h after injection of
0.5 nmol of %8Ga-Glu-urea-Lys-HBED-CC-IRDye800CW. Afterward, tu-
mors and PSMA-expressing tissue were detected and resected by fluores-
cence guidance using an IMAGEI S system (excitation wavelength
805 nm; Karl Storz GmbH and Co. KG).

In a further proof-of-concept study, healthy pigs (2-3 mo old, n =
2) were anesthetized and, after a preinjection imaging acquisition with
a da Vinci Firefly system (excitation wavelength 805 nm; Intuitive
Surgical, Inc.), received an intravenous injection of 1 mg of noncom-
plexed Glu-urea-Lys-HBED-CC-IRDye800CW (30 wg/kg in sterile
PBS). One hour after injection, the fluorescence signal was detected
and fluorescence-guided prostatectomy, including ex vivo fluores-
cence control, was performed. All animal experiments complied with
the current laws of the Federal Republic of Germany and were con-
ducted according to German Animal Welfare guidelines.

Statistical Aspects

Experiments were performed at least in triplicate. Quantitative data
were expressed as mean £ SD. If applicable, means were compared
using the Student 7 test (GraphPad Prism, version 7). P values of less
than 0.05 were considered statistically significant.

RESULTS

In Vitro Characterization

The final products could be identified using reversed-phase
HPLC/matrix-assisted laser desorption/ionization mass spectrometry
and Glu-urea-Lys[Fe(HBED-CC)]-PEG,-NH, because the PSMA-
11—derived precursor proved to be fully consistent with the assigned
structure by high-resolution mass spectrometry and nuclear mag-
netic resonance (Supplemental Figs. 1-10; supplemental materials
are available at http://jnm.snmjournals.org). To investigate the influ-
ence of the fluorescent dye conjugation to the PSMA-11-derived
precursor, internalization efficiency and PSMA-binding affinity were
determined (Table 2). The %8Ga complexation of all investigated

TABLE 2
Cell Binding and Internalization of Dye Conjugates in Comparison to PSMA-11 (25,27)
68Ga-labeled compounds ICs0 (NM)
Specifically cell Specifically Metal-free 69/71Ga-labeled

Compound surface-bound (%IA) internalized (%IA) ligands compounds
PSMA-11 18.31 + 0.71 3.54 £ 0.28 19.19 £ 7.42 121+ 2.1
Glu-urea-Lys-HBED-CC-FITC 1.28 £ 0.20 4.89 + 0.93 11.14 £ 1.16 10.52 + 1.47
Glu-urea-Lys-HBED-CC-AlexaFluor488 5.22 +0.25 14.96 + 0.81 13.32 + 0.83 25.59 + 3.93
Glu-urea-Lys-HBED-CC-IRDye800CW 13.62 + 4.79 18.70 + 7.03 2454 £ 5.70 35.54 £ 2.94
Glu-urea-Lys-HBED-CC-DyLight800 10.50 + 3.64 13.88 + 7.04 21.41 £1.90 21.23 £ 4.26

%IA = percentage of applied radioactivity bound to 10° cells (specific cell uptake was determined by blockage using 500 M
2-(phosphonomethyl)-pentanedioic acid); FITC = fluorescein isothiocyanate.

Data are mean + SD (n = 3).
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confocal, fixed

Specific cell binding and internalization
could also be visualized by confocal mi-
croscopy (Fig. 1). The evaluated compound
Glu-urea-Lys-HBED-CC-AlexaFluor488
(noncomplexed) showed an increased bind-
ing and intracellular fraction for PSMA-
positive LNCaP cells over time, whereas
for PSMA-negative PC3 cells almost no up-
take was detected. Simultaneous incubation
with 2-(phosphonomethyl)-pentanedioic
acid, a highly specific PSMA inhibitor, re-
sulted in successful blocking of Glu-urea-
Lys-HBED-CC-AlexaFluor488 uptake.

In Vivo Characterization

Besides a high PSMA-binding affinity
and excellent internalization properties,
dye conjugation to the PSMA-11-derived
core structure resulted in a high tumor up-

FIGURE 1.

wavelength of maximum absorbance.

compounds resulted in radiochemical yields higher than 99%. The
lipophilicity of the ®®Ga-labeled compounds was investigated by log
D determination in comparison to 8Ga-PSMA-11 (—2.91 = 0.06)
and ranged from —2.01 to —2.98 (Supplemental Table 1).

All dye conjugates showed a high, complexation-independent
PSMA-binding affinity in the same nanomolar range as the refer-
ence PSMA-11 (25,27). In contrast to the slightly reduced specific
cell surface binding, the specific internalization was improved for
the %8Ga- and dye-labeled compounds, with a strong, significant
enhancement for 8Ga-Glu-urea-Lys-HBED-CC-IRDye800CW by
a factor of 3.9 (P < 0.05).

Specific cell binding and internalization in confocal microscopy. (A-C) LNCaP cells
were incubated with 10 nM noncomplexed Glu-urea-Lys-HBED-CC-AlexaFluor488 for 5 min (A),
15 min (B), and 30 min (C) at room temperature and fixed with paraformaldehyde. (D) For blocking
studies, 2-(phosphonomethyl)-pentanedioic acid was added and simultaneously incubated for
30 min. PC3 cells as negative control were incubated with 10 nM noncomplexed ligand for
30 min at room temperature (E). DAPI = 4',6-diamidino-2-phenylindole dihydrochloride; Apax =

take in PSMA-expressing tumors (Fig. 2A;
Supplemental Table 3). Compared with
the reference °*Ga-PSMA-11 (4.89 = 134
percentage injected dose [%ID]/g) (27), tu-
mor uptake was significantly increased for
the ®8Ga-labeled conjugates with fluores-
cein isothiocyanate (10.86 * 0.94 %ID/g,
factor of 2.2, P < 0.05), IRDye800OCW
(13.66 = 3.73 %ID/g, factor of 2.8, P <
0.05), and DyLight800 (15.62 *= 5.52 %ID/g, factor of 3.2,
P < 0.05), whereas %Ga-Glu-urea-Lys-HBED-CC-AlexaFluor488
showed a similar tumor uptake (9.12 * 5.47 %ID/g, factor of
1.9, P > 0.05). The tumor uptake was proved to be specific by
the strongly reduced uptake in PSMA-negative PC3 tumors obtained
for all conjugates (Supplemental Table 4). Besides a higher tumor
uptake after dye conjugation, the pharmacokinetic properties of
PSMA-11 were preserved, meaning excellent background clearance
and renal excretion for all conjugates. A typical uptake in PSMA-
expressing spleen tissue was also observed (Fig. 2A; Supplemental
Table 3) (10).

Because of their near-infrared fluorescence,

®Ga-PSMA-11
®Ga-PSMA-HBED-CC-FITC
®Ga-PSMA-HBED-CC-AlexaFluor488
®Ga-PSMA-HBED-CC-IRDyeB00CW
%Ga-PSMA-HBED-CC-DyLight800

A B

o

0

%IDig
%ID/g

68Ga-Glu-urea-Lys-HBED-CC-IRDye800CW
and %Ga-Glu-urea-Lys-HBED-CC-DyLight800
are well suited for further clinical transla-
tion. Both conjugates have a similar tumor
uptake (P > 0.05), but tumor-to-organ ratios
for relevant background organs appeared to
be higher for the IRDye800CW conjugate
(tumor-to-blood, 4.49; tumor-to-heart, 4.92;
tumor-to-lung, 2.44; tumor-to-liver, 4.94; tumor-
to-muscle, 4.78) than for the DyLight800 con-
jugate (tumor-to-blood, 2.18; tumor-to-heart,
3.43; tumor-to-lung, 1.90; tumor-to-liver,
2.54; tumor-to-muscle, 4.06) (Supplemental
Table 5).

An additional organ distribution study over
different time points was performed with the
candidate for clinical translation, ®*Ga-Glu-
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FIGURE 2. (A) Organ distribution of 60 pmol of 88Ga-labeled Glu-urea-Lys-HBED-CC dye con-

jugates at 1 h after injection compared with reference $8Ga-PSMA-11 (27). (B) Organ distribution
of 60 pmol of ®8Ga-Glu-urea-Lys-HBED-CC-IRDye800CW at 1, 2, and 6 h after injection. Data are

expressed as mean %ID/g tissue + SD (n = 3).
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urea-Lys-HBED-CC-IRDye800CW (Fig. 2B;
Supplemental Table 6). After a significant
reduction 2 h after injection (7.94 = 0.19
%ID/g, P < 0.05), the tumor uptake was
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only slightly decreased between 2 and 6 h after injection (6.57 *
0.63 %ID/g, P < 0.05), suggesting a stabilization of tumor uptake at
later time points. Particularly, tumor-to-organ ratios for back-
ground organs were strongly increased over time, indicating that the
unspecific uptake was reduced to a minimum after 6 h (tumor-to-
blood, 15.56; tumor-to-heart, 12.87; tumor-to-lung, 6.88; tumor-to-
liver, 6.43; tumor-to-muscle, 12.85) (Supplemental Table 7).

Small-animal PET studies confirmed the findings from the
organ distribution study, showing clear visualization of the PSMA-
positive tumor and fast clearance from background organs for all
conjugates, comparable to ®®Ga-PSMA-11 (Fig. 3 and Supplemen-
tal Fig. 11) (/2). In PSMA-negative PC3 tumors, °®Ga-labeled dye
conjugate enrichment in tumor tissue was not observed, proving
the high PSMA specificity of the examined conjugates.

Proof-of-Concept Studies
Besides the successful visualization of PSMA-positive tumors in
small-animal PET images, a PSMA-specific fluorescence signal in the
tumor tissue could be detected ex vivo (Fig. 4A and Supplemental
Fig. 12), whereas background organs (e.g., muscle) appeared gray
in the fluorescence mode using %Ga-Glu-urea-Lys-HBED-CC-
IRDye800CW. A fluorescence signal in kidney and spleen was also
measured, as these organs have a physiologic PSMA expression
(10). As an additional setting closer to that of clinical surgery,
studies on healthy pigs were performed with the robotic da Vinci
surgical system (Intuitive Surgical, Inc.) after injection of noncom-
plexed Glu-urea-Lys-HBED-CC-IRDye800CW (Fig. 4B). One hour af-
ter injection, a PSMA-specific fluorescence signal was observed in the
prostate expressing PSMA on a physiologic level, whereas surrounding
background tissue appeared gray in the sur-
geon’s console. After prostatectomy under
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fluorescence guidance, fluorescence was con-
firmed ex vivo, showing a signal in prostate
tissue and no signal in surrounding soft tissue
(Supplemental Fig. 13).

DISCUSSION

In the treatment of prostate cancer, precise
resection of primary or metastatic tumors
has a strong influence on patient outcome.
New approaches comprising dual-labeled
probes support the surgeon by providing
for more simplified preoperative planning
through PET/CT or PET/MRI combined
with precise intraoperative navigation as-
sistance. This dual-modality technology
unites localization of tumor foci through
the radioactive signal before surgery with
intraoperative radioguidance and highly
accurate fluorescence-guided comprehen-
sive resection of tumor tissue.

The feasibility of implementing such a
treatment regimen in a clinical work flow
was previously demonstrated by van der
Poel et al. (8), who showed that multimodal
indocyanine green—""™Tc-nanocolloids can
visualize sentinel lymph nodes. This rather
unspecific approach can be overcome by a
targeted probe design (21,22). Because of
their favorable pharmacokinetic properties—
particularly, their fast clearance from the
blood pool accompanied by high tumor-to-
background contrast at early time points—
low-molecular-weight PSMA inhibitors
provide an optimal basis for the design of
dual-modality probes. PSMA-11 was iden-
tified to be the ideal core molecule, with
successful implementation in the clinical
working routine as a PET tracer for the
imaging of prostate cancer (/,23,24). The

%

*

FIGURE 3. Maximume-intensity projections derived from small-animal PET imaging of athymic
nude mice bearing LNCaP and PC3 tumors in right trunk. Scans were evaluated 60 and 120 min
after injection (p.i.) of 0.5 nmol of 68Ga-labeled (~50 MBq) Glu-urea-Lys-HBED-CC-fluorescein iso-
thiocyanate (A), Glu-urea-Lys-HBED-CC-AlexaFluor488 (B), Glu-urea-Lys-HBED-CC-IRDye800CW
(C), and Glu-urea-Lys-HBED-CC-DyLight800 (D). SUV,,,, = SUV normalized for body weight.

high clinical impact of PSMA-11 on
treatment regimens is emphasized by re-
cent studies reporting a change in man-
agement after °Ga-PSMA-11 PET in
approximately 50% of patients (28). Further
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FIGURE 4. Proof-of-concept fluorescence-guided surgery studies in
tumor-bearing mice and healthy pigs. (A) %8Ga-Glu-urea-Lys-HBED-
CC-IRDye800CW (0.5 nmol) was injected in mice (LNCaP tumor xeno-
graft) for small-animal PET imaging, followed by ex vivo fluorescence
detection after 120 min (IMAGE1 S system). (B) In healthy pigs, after
preimaging acquisition of background fluorescence with da Vinci FireFly
system, Glu-urea-Lys-HBED-CC-IRDye800CW (30 pg/kg) was intrave-
nously injected. Fluorescence-guided prostatectomy accompanied by in
vivo and ex vivo fluorescence detection was performed 1 h after injection.

developed by additional conjugation of a fluorescent dye, dual-labeled
PSMA ligands derived from PSMA-11 might considerably improve
prostate cancer therapy by precisely guiding the surgeon to tumors.
The %8Ga-labeled fluorescent dye conjugates presented in this study
exhibit high PSMA-binding affinity and strongly increased internali-
zation efficiency. These excellent targeting characteristics improved
specific tumor uptake in PSMA-positive lesions by a factor of 3.2 over
68Ga-PSMA-11, with high tumor-to-background contrast as early as
1 h after injection. This improvement might be attributable to the
introduction of aromatic groups through fluorescent dyes, potentially
further enhancing the interaction within the PSMA-binding pocket, as
lipophilic and aromatic moieties have previously been reported to be
advantageous (29). The dyes represent lipophilic structures, preferably
located distal to the glutamic acid moiety for improved inhibitory
potency (30). Because features such as polarity, size, charge, and
flexibility also have to be considered, the diverse coupled dyes
consequently influence binding properties slightly differently. No
correlation between overall lipophilicity and tumor uptake has been
observed. The higher tumor uptake might also be attributable to the
longer circulation in the blood, which typically also increases the
tumor accumulation of biomolecules.

With a strong focus on clinical translation, Glu-urea-Lys-HBED-
CC-IRDye800CW and Glu-urea-Lys-HBED-CC-DyLight800 were
considered for further proof-of-concept studies because they allow
fluorescence guidance in the near-infrared part of the light spectrum.
This part of the spectrum has proved ideal for intraoperative fluores-
cence detection, because near-infrared light can be detected to a depth
of about 1 cm underneath blood and tissue. In addition, this approach
is supported by clinically established instruments such as the da Vinci
surgical system (7,8). Radioguidance can optionally be performed
with this dual-labeled compound in the case of tumors deeper in
the pelvis—beyond the fluorescence detection limit—as the chelator
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HBED-CC also allows labeling with radionuclides suitable for radio-
guidance. Recently published clinical protocols for specific radioguid-
ance provide a proof of concept with this modality (5).

Interestingly, despite comparably high tumor uptake of both
conjugates, 8Ga-Glu-urea-Lys-HBED-CC-IRDye800CW showed a
higher specificity emphasized by excellent tumor-to-background ra-
tios at 1 h after injection, with the values even increasing for up to 6
h. Because of the slightly enhanced background activity of %8Ga-
Glu-urea-Lys-HBED-CC-DyLight800, which might be attributable
to the chemical characteristics of the dye, further in vivo proof-of-
concept studies were conducted with Ga-Glu-urea-Lys-HBED-
CC-IRDye800CW. These studies demonstrated the feasibility of
68Ga-Glu-urea-Lys-HBED-CC-IRDye800CW as a small-molecule—
based dual-modality probe. In small-animal PET studies, tumors
were clearly visualized with high contrast. A specific fluorescence
signal could subsequently be detected in PSMA-expressing tissue,
providing the surgeon with visual information for the exact locali-
zation of relevant PSMA-positive malign tissue and its discrimina-
tion from healthy surrounding tissue. Compared with the clinically
established PET tracer PSMA-11, the considerably increased tumor
uptake with remaining high specificity and successful proof-of-concept
studies encourage us to focus on future clinical translation.

CONCLUSION

PSMA-targeting dual-modality probes have the potential to
considerably improve the outcome of prostate cancer therapy,
providing the surgeon with precious information through the
combined radioactive and fluorescence signals. The PSMA-11-
based dual-labeled compound ©3Ga-Glu-urea-Lys-HBED-CC-
IRDye800CW is characterized by high and fast PSMA-specific
tumor enrichment and rapid background clearance. This ap-
proach allows precise preoperative and intraoperative detection
of tumors, along with optional postoperative detection. These
features are promising for establishing a prostate cancer treat-
ment regimen supported by a dual-labeled modality.
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