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1 Introduction

Prostate-specific membrane antigen (PSMA) is expressed higher in prostate tumors
and metastases than most normal tissue. This pathological expression pattern leads
it to be a target for endoradiotherapy of prostate cancer [1, 2]. The albumin binding
structure has modified to the target molecule lets the kinetic of the molecule in the
blood to change. In addition, extending the circulating-time of drugs in the body is
a method to enhance the efficacy of drugs [3].

In this study, we have developed a novel long-circulation PSMA-targeted
molecule, MH-PC-AB-56, which PSMA binding motif (PSMA-617 structure
without DOTA) covalently linked with albumin binder (4-p-tolylbutyric acid), and
conjugated DOTA chelator, and labeled with radionuclide ''In or !"’Lu. We investi-
gated the tumor binding affinity and biodistribution by molecular imaging of radiola-
beled MH-PC-AB-56 peptide. The major objective of this study was to evaluate the
potential advantage of MH-PC-AB-56 in the theranostic application by NanoSPECT
image.
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2 Materials and Methods

A. Cell culture and tumor-bearing mice

The PSMA positive prostate cancer cell line, LNCaP, was obtained from Bioresource
Collection and Research Center. Cells were grown in RPMI 1640 supplemented with
10% (v/v) fetal bovine serum, 100 units/mL penicillin and 100 pwg/mL streptomycin
in a humidified incubator at 37 °C under 5% CO,. Six-week-old male BALB/c nude
mice were obtained from BioLASCO Taiwan Co., Ltd. Mice were housed ina 12 h
light cycle at 22 °C, with food and water provided ad libitum. Cells (1 x 107) was
implanted right front leg of BALB/c nude mice for LNCaP tumor xenografts. The
mice underwent NanoSPECT/CT study when the tumor volume reached approxi-
mately 200-600 mm?>. The animal experimental protocols were approved by INER
Institutional Animal Care and Use Committee.

B. Radiolabeling with indium-111 and lutetium-177

Indium ('''In) chloride in 0.01 N HCI was generated from INER (Taoyuan, Taiwan).
Lutetium (!”’Lu) chloride in 0.04 N HCI purchased from ITM Medical Isotopes
GmbH (Garching/Munich, Germany). The peptide (MH-PC-AB-56 and PSMA-617)
purchased from Ontores Biotechnologies Co., Ltd. (Zhejiang China).

For "''In-MH-PC-AB-56 labeling, the 13.9 nmole peptide (in DMSO) was incu-
bation with 0.23-0.26 GBq TnCl; in 1 M sodium acetate solution (pH 6.0) at 95°C
for 15 min. The radiochemical efficiency analyzed by thin-layer chromatography
(TLC) with 10% methanol and high-performance liquid chromatography (HPLC).
For '7"Lu-MH-PC-AB-56 labeling, the 13.9 nmole peptide (in DMSO) was incuba-
tion with 0.47-0.51 GBq '"’LuCl; in 0.4 M sodium acetate solution (pH 5.0) at 95°C
for 30 min. The radiochemical efficiency analyzed by TLC with 0.1 M citric acid and
HPLC. For '""Lu-PSMA-617 labeling, the 19.2 nmole peptide (in water) was incuba-
tion with 0.47-0.51 GBq '"’LuCl; in 0.4 M sodium acetate solution (pH 5.0) at 95°C
for 30 min. The radiochemical efficiency analyzed by TLC with 0.1 M citric acid
and HPLC. The specific activity for !!!In-MH-PC-AB-56, 7" Lu-MH-PC-AB-56 and
7TLu-PSMA-617 in the range of 16.5-18.7 GBg/pumole, 33.8-36.7 GBg/mole and
24.5-26.6 GBg/pmole, respectively.

The radiolabeled peptides were measured using a radioactive scanner (AR-2000
radio-TLC Imaging Scanner, Bioscan, France) and radio-HPLC with UV detector
(280 nm) and radio detector. The column was waters T3 C18 column (3.5 pum, 80 A,
4.6 x 250 mm). The flow rate was 0.8 mL/min with the gradient mobile phase
going from 80% A buffer (0.1% TFA in water) and 20% B buffer (0.1% TFA in
acetonitrile) to 90% B buffer within 10 min for '''In-MH-PC-AB-56. The flow rate
was 1.0 mL/min with the gradient mobile phase going from 95% A buffer (0.1% TFA
in water) and 5% B buffer (0.1% TFA in acetonitrile) to 95% B buffer within 10 min
for '””Lu-MH-PC-AB-56. The flow rate was 1.0 mL/min with the gradient mobile
phase going from 80% A buffer (0.1% TFA in water) and 20% B buffer (0.1% TFA
in acetonitrile) to 60% B buffer within 10 min for '7"Lu-PSMA-617.

C. In vitro stability study
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The stability of '''In-MH-PC-AB-56 evaluated by incubation with normal saline
(volume ratio 1:1) at room temperature or human serum (volume ratio 1:19) at 37°C
[4]. The radiochemical purity determined by TLC and HPLC analysis at desired times
(0, 1, 4,24, 48,72 and 96 h). The serum sample was prepared with acetonitrile/water
solution and centrifuged at 13,000 rpm 2 min, then analyzed the supernatant by
HPLC.

The stability of '7’Lu-MH-PC-AB-56 evaluated by incubation with normal saline
(volume ratio 1:1) at room temperature. The radiochemical purity determined by
HPLC analysis at desired times (0, 1, 2, 3,4, 5, 6,7, 8 and 24 h).

D. NanoSPECT/CT imaging

The procedure for NanoSPECT/CT imaging has been described, previously [5].
NanoSPECT and X-ray images were acquired using a NanoSPECT/CT plus scanner
system (Mediso Medical Imaging Systems; Budapest, Hungary). The mice was anes-
thetized with 1-2% isoflurane during the imaging acquisition. NanoSPECT imaging
was acquired using nine multipinholes gamma-detectors and high-resolution colli-
mators. The energy window was set at 171 and 245 keV £ 10%, the image size
was set at 256 £ 256, and the field of view of 60 mm x 100 mm. Each mouse was
tail-vein injected with 19.4-20.7 MBq of radiolabeled peptide and scanned for 1 h,
4h,24 h,48 h, 72 h and 96 h.

For calculating uptake value at an interesting organ of '''In-MH-PC-AB-56 and
17TLu-MH-PC-AB-56, the images of SPECT reconstructed by HiSPECT NG soft-
ware (Scivis GmbH, Germany) and fused with CT datasets using InVivoScope soft-
ware (Bioscan Inc.). Then, all data processed by PMOD Version 3.3 (PMOD Tech-
nologies Ltd., Zurich, Switzerland). Volumes of Interest (VOIs) drawn encompassing
the tumor and reference source on the corresponding CT images. The VOIs trans-
ferred to SPECT images, and the count values of the tumor and reference source
derived. The radioactivity of reference sources were 0.8 MBq '!'In and 1.3 MBq
177Lll.

E. Statistics

Results presented as mean and standard deviation (Mean 4 SD). The distribution
correlation between !''In-MH-PC-AB-56 and '"’Lu-MH-PC-AB-56 was analyzed
by Pearson correlation coefficient (r) using IBM® SPSS® Statistics software version
19 [5].

3 Results

A. Radiolabeling efficiency of MH-PC-AB-56

The labeling efficiency of '''In-MH-PC-AB-56 was 98.27 & 1.29% and 99.09 +
0.38% by TLC and HPLC analysis, respectively. In TLC, free '''In was at origin
front (Rf. approximately 0.000) and '!''In-MH-PC-AB-56 was at solvent front (Rf.
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approximately 0.917) with 10% methanol as running buffer. The retention time of
1Tn-MH-PC-AB-56 was 8.569 #+ 0.010 min in radio detector by HPLC.

The labeling efficiency of '""Lu-MH-PC-AB-56 was over 99.99% and 98.87 =+
0.73% by TLC and HPLC analysis, respectively. In TLC, free '7"Lu was at origin
front (Rf. approximately 1.023) and !”’Lu-MH-PC-AB-56 was at solvent front (Rf.
approximately 0.015) with 0.1 M citric acid as running buffer. The retention time of
177Lu-MH-PC-AB-56 was 8.587 & 0.262 min in radio detector by HPLC.

The labeling efficiency of '"’Lu-PSMA-617 was over 99.99% and 98.68% by
TLC and HPLC analysis, respectively. In TLC, free !”’Lu was at solvent front (Rf.
approximately 1.045) and '”’Lu-PSMA-617 had Rf. 0.435 with 0.1 M citric acid as
eluted buffer. The retention time of !”’Lu-PSMA-617 was 8.247 min in radio detector
HPLC.

B. In vitro stability study of '''In-MH-PC-AB-56

The radio-purity of '''In-MH-PC-AB-56 was greater than 95% within 96 h
incubation in normal saline or human serum (Table 1).

C. In vitro stability of '”’Lu-MH-PC-AB-56 in normal saline

The stability of !7’Lu-MH-PC-AB-56 in normal saline was greater than 95% within
8 h incubation by HPLC (Table 2).

D. NanoSPECT/CT imaging

The images showed that both radiolabeled '''In/!”"Lu-MH-PC-AB-56 and '""Lu-
PSMA-617 were excreted mainly via the renal pathway with higher renal retention
especially at early time points 1 h and 4 h injection. Higher and sustained tumor
uptake was observed for radiolabeled MH-PC-AB-56 up to 96 h by imaging (Fig. 1).

The accumulated activity of radiolabeled ''In/'"” Lu-MH-PC-AB-56 in the tumor
at time points was calculated from the images created by drawing the Volume of

Table 1 In vitro stability of !!'In-MH-PC-AB-56 at different times after incubation in normal
saline at room temperature or human serum at 37°C

Time (h) Normal Saline Human Serum

TLC (%) HPLC (%) TLC (%) HPLC (%)
0 99.5 £ 0.9 98.8 £ 1.1 98.3 £ 0.8 98.8 £0.3

98.6 £ 1.3 979 +1.2 98.2+0.9 98.9 £ 0.6
4 98.7+1.2 97.0 £ 0.8 98.8 £ 1.1 99.2 £0.1
24 99.2 +£0.7 97.8 £0.8 98.0 £ 1.0 99.0 £ 0.4
48 99.6 + 0.8 974 £+ 1.1 98.3 £ 0.6 99.0 £ 0.3
72 99.0 £ 0.8 96.6 £ 0.7 98.1 £0.5 98.7 £ 0.6
96 96.9 +£2.8 98.5+£0.9 95.5+0.8 98.8 £0.3

(mean & SD, n = 3)
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Table 2 In vitro stability of

1771 -MH-PC-AB-56 at Time (h) Normal Saline HPLC (%)

different times after 0 99.5+0.6

incubation in normal saline at | 98.0 + 0.9

room temperature (mean =+

SD, n = 3) 2 96.6 £2.7
3 969+ 1.0
4 945+25
5 962+ 1.4
6 949 £ 1.8
7 943+ 1.1
8 944+12

30 %ID/g

Fig.1 Comparison of NanoSPECT/CT images of ' ! In-MH-PC-AB-56 (a), '’ Lu-MH-PC-AB-56
(b) or 1771 y-PSMA-617 (c) targeting LNCaP tumor-bearing mice. The images were acquired at 1,

4,24, 48,72, and 96 h after injection
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Table 3 Sl‘(’mpfarison of Time (h) | '''In-MH-PC-AB-56 | "’Lu-MH-PC-AB-56
iy Sy (%IDg) (%IDg)
In-MH-PC-AB-56 and

1771 y-MH-PC-AB-56 1 19.79 +£2.27 12.91 £2.69
analyzed by NanoSPECT 4 27.32 +£2.85 17.98 £ 3.20
1mage 24 4379 £ 6.55 22.08 £ 6.63

a8 35.48 £ 4.53 2156 + 4.90

72 29.77 £ 430 22.80 £ 5.29

9% 25.06 £ 3.77 2341 +5.18

Interest (VOI) using the standard source as a point of reference. The image semi-
quantitative analysis of '''In-MH-PC-AB-56 in the tumor at 1 h, 4 h, 24 h, 48 h,
72 h and 96 h after injection was 19.79 4 2.27, 27.32 4 2.85, 43.79 £ 6.55, 35.48
+ 4.53, 27.77 £ 4.30, and 25.06 £ 3.77%ID/g, respectively (Table 3). The image
semi-quantitative analysis of 1711 u-MH-PC-AB-56 in the tumor at 1 h, 4 h, 24 h,
48 h, 72 h and 96 h after injection was 12.91 & 2.69, 17.98 £ 3.20, 22.08 + 6.63,
21.56 £ 4.90, 22.80 £ 5.29, and 23.41 + 5.18%ID/g, respectively (Table 3). The
trend of tumor uptake of '''In-MH-PC-AB-56 is similar to !”’Lu-MH-PC-AB-56
before 24 h injection. After 24 h injection, the tumor uptake of ' In-MH-PC-AB-56
was slightly declining, but the tumor uptake of '"’Lu-MH-PC-AB-56 sustained last
for at least 96 h.

Pearson correlation analysis of tumor uptake of '''In-MH-PC-AB-56 and '7"Lu-
MH-PC-AB-56 by semi-quantification image analysis was moderated degree (r =
0.576). There was a high correlation of liver, kidney, and muscle of !''In-MH-PC-
AB-56 and '""Lu-MH-PC-AB-56 with value 0.960 (Table 4), 0.960 (Table 5), and
0.940 (Table 6), respectively.

Table 4 Comparison of liver oy 111y MH.PC-AB-5 | "77Lu-MH-PC-AB-56

NP AR 6o iy sy
1771 u-MH-PC-AB-56 1 9.89 +£2.25 438 +£1.22
analyzed by NanoSPECT 4 8.31 +£2.10 2.3340.51
image (mean £ 8D, n=3) -, 1.84 + 0.47 036+ 0.11
48 0.53 +0.20 0.25 +0.09
72 0.32 £0.16 0.17 £ 0.05

96 0.23 £0.10 0.19 £ 0.02
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Table 5 Comparison of Time (h) | '''In-MH-PC-AB-56 | ""’Lu-MH-PC-AB-56
kidney accumulation of (%ID/g) (%ID/g)
111y MH-PC-AB-56 and £ £
1771 u-MH-PC-AB-56 1 37.62 + 3.69 40.35 £ 4.89
analyzed by NanoSPECT 4 39.66 & 7.59 42.63 + 20.14
image (mean £ SD.n=3) ), 16.40 + 3.82 6.33 £3.51

48 6.15 £ 1.39 2.46 + 1.39

72 3.19 + 0.75 1.57 £ 0.95

9% 2024074 0.92 + 0.68

Table 6 Comparison of

X Time (h) | "'In-MH-PC-AB-56 | !77Lu-MH-PC-AB-56
muscle accumulation of

11 MH-PC-AB-56 and (%IDle) (%Ibre)
1771 u-MH-PC-AB-56 1 6.58 + 0.59 3.76 + 1.15
analyzed by NanoSPECT 4 6.70 £ 0.45 2224084
image (mean £ SD.n=3) 129 £0.27 0.43 +0.23
48 0.41 % 0.06 0.25 + 0.07
72 0.21 +0.05 0.18 £ 0.07
96 0.17 £ 0.01 0.18 + 0.01

4 Conclusions and Discussion

Many albumin binders (truncated Evan’s blue, 4-(phenyl)butyric acid, 4-(p-
bromophenyl)butyric acid, 4-(p-iodophenyl)butyric acid, 4-(p-chlorophenyl)butyric
acid, 4-(p-fluorophenyl)butyric acid, 4-(p-methyl phenyl)butyric acid, and 4-(p-
methoxyphenyl)butyric acid) had been used in modified PSMA-617 to enhance the
circulating-time of PSMA-targeted drug to drawdown the accumulation of drug at
kidney and improved tumor uptake [6]. We explored a novel linker lysine and 6-
aminohexanoic acid not like PSMA-ALB-56 [7] only lysine or RPS [8] used PEG
before. The structure is not only longer of length than lysine but also more lipophilic
than PEG. In vitro stability study showed, the radiochemical purity of !”’Lu-MH-
PC-AB-56 maintain to over 90% last at least 8 h without ascorbic acid addition. The
SPECT image show that MH-PC-AB-56 labeled with dual-nuclide have a similar
trend of metabolism or elimination organ, and demonstrated '"’Lu-MH-PC-AB-
56 could improve tumor uptake than 177Lu-PSMA-617. These results let us know
the tumor accumulated ability and elimination route of radiolabeled MH-PC-AB-
56. These results indicated the '''In/'7"Lu-MH-PC-AB-56 owned the theranostic
potency for diagnosis and therapy. The therapeutic efficacy, pharmacokinetics, and
biodistribution would be further studied in the near future.
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