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PET radioligands with low molar activity (MA) may underestimate
the quantity of the target of interest because of competitive binding
of the target with unlabeled ligand. The aim of this study was to
evaluate the change in the whole-body distribution of '8F-PSMA-
1007 targeting prostate-specific membrane antigen (PSMA) when
solutions with different peptide concentrations are used. Methods:
Mouse xenograft models of LNCaP (PSMA-positive prostate can-
cer) (n = 18) were prepared and divided into 3 groups according to
the peptide concentration injected: a high-MA group (1,013 + 146
GBqg/pmol; n = 6), a medium-MA group (100.7 + 23.1 GBg/pmol;
n = 6), and a low-MA group (10.80 + 2.84 GBg/pmol; n = 6). Static
PET scans were performed 1 h after injection (scan duration,
10 min). SUVean in tumor and normal organs was compared by
the multiple-comparison test. Immunohistochemical staining and
Western blot analysis were performed to confirm expression of
PSMA in tumor, salivary gland, and kidney. Results: The low-MA
group (SUVpean, 1.12 £ 0.30) showed significantly lower uptake of
18F-PSMA-1007 in tumor than did the high-MA group (1.97 + 0.77)
and the medium-MA group (1.81 + 0.57). On the other hand, in
salivary gland, both the low-MA group (SUVean, 0.24 + 0.04) and
the medium-MA group (0.57 + 0.08) showed significantly lower up-
take than the high MA group (1.27 + 0.28). The tumor-to-salivary
gland SUVean, ratio was 1.73 £ 0.55 in the high-MA group, 3.16 +
0.86 in the medium-MA group, and 4.78 £ 1.29 in the low-MA group.
The immunohistochemical staining and Western blot analysis
revealed significant overexpression of PSMA in tumor and low ex-
pression in salivary gland and kidney. Conclusion: A decrease in
the MA level of the injected '8F-PSMA-1007 solution resulted in
decreased uptake in tumor and, to a greater degree, in normal
salivary gland. Thus, there is a possibility of minimizing the adverse
effects in salivary gland by setting an appropriate MA level in PSMA-
targeting therapy.
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Prostate—speciﬁc membrane antigen (PSMA) is overexpressed
in prostate cancer cells and is considered a novel target of thera-
nostics in prostate cancer (/,2). It is used as an effective target
for PET diagnosis (patient PSMA phenotyping) and for targeted
radionuclide therapy (2). In diagnostic PSMA PET, the easier
availability of the ®8Ga tracer makes %8Ga-labeled ligands more
commonly used in the clinic than '8F-labeled PSMA compounds
(3). However, there has also been a recent increase in the num-
ber of preclinical and clinical studies using '®F-labeled PSMA
ligands, such as '8F-PSMA-1007, '8F-DCFBC (N-[N-[(S)-1,
3-dicarboxypropyl]carbamoyl]-4-'8F-fluorobenzyl-L-cysteine), and
I8F.DCFPyL (2-(3-{1-carboxy-5-[(6-'8F-fluoro-pyridine-3-carbonyl)-
amino]-pentyl}-ureido)-pentanedioic acid). Giesel et al. reported
the superiority of '8F-PSMA-1007 for the diagnosis of pelvic
metastases, focusing on its minimal uptake in the urinary tract
(4). They also showed a good correlation between the results of
pretreatment PET evaluation and distribution of the therapeutic
agent '""Lu-PSMA-617 (5).

In the field of neurology, it is well known that the concentration
of the target molecule in a PET tracer solution affects its uptake.
Because of competitive binding to the target, the presence of higher
concentrations of the nonradiolabeled ligand can lower the uptake
of the radiolabeled ligand. (6). However, this competitive effect can
also be applied for dose optimization in drug development, using
receptor occupancy tests in microdose PET examinations. In the
field of oncology, de Jong et al. reported the effect of the amount
of injected peptide on tissue distribution of !!''In-labeled [DOTA®,
Tyr3]octreotide, with uptake showing different bell-shaped func-
tions depending on the organ and tumor (7). In addition, Konijnenberg
et al. revealed that uptake of the cholecystokinin 2 compound PP-F11
in tumor showed a steep saturation effect with increasing
amounts of peptide (8). In the case of PSMA radioligands, there
have been a few published studies on how a variation in the
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TABLE 1
Profile of 3 Different MA Groups

Parameter High MA Medium MA Low MA P*
MA (GBg/pmol) 1,013 + 146 100.7 £ 23.1 10.8 + 2.84 <0.05
PSMA dose (pmol) 16.9 + 3.0 179.9 £ 28.5 1,417 £ 166 <0.05
Injected activity (MBQ) 16.8 £ 2.0 17.7 £ 2.7 15.0 £ 2.8 0.37
Body weight (g) 184 +1.9 172+1.9 18.5+23 0.99
Tumor volume (mm3) 114.5 + 93.3 (82.0) 73.0 £ 35.7 (77.2) 61.3 + 43.3 (62.4) 0.44

*By independent t test with Bonferroni correction.
Data are mean + SD, with median in parentheses.

peptide concentration or molar activity (MA) of the injected so-
lution can affect uptake of the SPECT or PET radiotracer. Chatalic
et al., in a preclinical model using SPECT, showed that coinjection
of a PSMA inhibitor decreased the absorbed dose to the kidney
and increased the tumor-to-kidney absorbed dose ratio during
177TLu-PSMA therapy (9). Also, Wurzer et al. recently reported
that a coinjection of nonradiolabeled PSMA compound affects
the uptake of °3Ga-labeled PSMA tracers in different organs and
tissues to a highly varying degree (/0). Different peptide concen-
trations of nonradiolabeled PSMA between diagnostic PET and
radionuclide therapy might result in different degrees of radio-
ligand accumulation in the target tissues and normal organs. In
this study on mouse xenograft models, we evaluated changes in
whole-body distribution using '8F-PSMA-1007 solutions with dif-
ferent peptide concentrations to optimize the MA level for sub-
sequent targeted radionuclide therapy.

MATERIALS AND METHODS

Synthesis and Preparation of 18F-PSMA-1007 Solutions
ISF.PSMA-1007 was synthesized by a 1-step method optimized
using a MPS-200 cassette-type synthesizer (Sumitomo Heavy Indus-
tries), based on a previous report (/7). In short, '8F-F~ produced by a
Cypris-HM-18 cyclotron (Sumitomo Heavy Industries) was trapped

on a quaternary methyl amine cartridge (carbonate form) and eluted
into a reaction vessel with 0.075 M tetrabutylammonium HCO; solu-
tion (600 wL). This solution was azeotropically dried with acetonitrile
(1 mL). After the reaction vessel had been cooled, a dimethylsulfoxide
solution of the PSMA-1007 precursor, 5-((S)-4-carboxy-1-((S)-4-carboxy-
1-(4-((S)-1-((S)-5-carboxy-5-(3-((S)-1,3-dicarboxypropyl)ureido)
pentylamino)-3-(naphthalen-2-yl)- 1 -oxopropan-2-ylcarbamoyl)benzylamino)-
1-oxobutan-2-ylamino)-1-oxobutan-2-ylcarbamoyl)-N, N, N-trimethylpyridin-
2-aminium 2,2,2-acetate (2 mg/2 mL), was fed into the reaction vessel
and fluorination was performed at 95°C for 10 min. The reaction mix-
ture was diluted with 5% ethanol solution (10 mL) and passed through
PS-H™" and C18,. cartridges. Then, these cartridges were washed with
5% ethanol solution (23 mL) and 30% ethanol solution (3 mL) for re-
moval of any chemical or radiochemical impurities. 'SF-PSMA-1007
trapped on the cartridge was finally eluted with 30% ethanol solution
(4 mL) into the product vial containing 0.9% NacCl solution (11 mL)
plus 100 mg of sodium ascorbate.

The radiochemical purity of '8F-PSMA-1007 was 96.9%-97.6%, and
the MA was 1,260-1,476 GBq/pmol at the end of the synthesis as
analyzed with radio-high-performance liquid chromatography, which
was performed on a Chromolith Performance RP-18e (100 x 4.6 mm;
Merck) using a Shimazu high-performance liquid chromatography sys-
tem. Solvent A was CH;CN, solvent B was 0.1% trifluoroacetic acid,
and the gradient was as follows: A, 5% to 15% from O to 1.5 min; A,
15% to 35% from 1.5 to 10.5 min; A, 35% to 95%
from 10.5 to 13 min; and A, 95% to 5% from

G 13 to 19 min); and A + B = 100%, throughout).
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FIGURE 1.

markers. Arrows indicate PSMA expression.
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(A-E) Immunohistochemical staining (high magnification) of tumor in high-MA group
(A), medium-MA group (B), low-MA group (C), kidney (D), and salivary gland (E), using anti-PSMA
antibody. (F and G) Western blot analysis for evaluation of PSMA expression in high-, medium-,
and low-MA groups (F) and in tumor, kidney, and salivary gland (G). M indicates molecular weight

1,417 = 166 pmol, respectively. For biodistri-
bution experiments, the final MA levels were
863.6 * 64.3 GBg/pmol (high MA), 164.44 =
4.63 GBg/pmol (medium MA), and 23.69 =+
0.75 GBg/pmol (low MA), equivalent to doses
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FIGURE 2. Maximum-intensity projections of '8F-PSMA-1007 PET in
xenografts of mice of high-MA (A), medium-MA (B), and low-MA (C)
groups. Arrows indicate tumors. Tumor uptake was lower in low-MA
group than in medium- and high-MA groups.

of 5.11 = 0.22 pmol, 25.65 = 0.49 pmol, and 174.8 = 19.4 pmol,
respectively.

Animal Preparation

All animal experiments were performed under the guidelines of the
Institute of Experimental Animal Sciences. The protocol was ap-
proved by the Animal Care and Use Committee of the Osaka Univer-
sity Graduate School of Medicine (approval 25-097-015). Male NOD/
SCID mice (4 wk old) were purchased from Charles River Japan, Inc.
LNCaP, a prostate cancer cell line derived from a lymph node metas-
tasis in a human, was obtained from Riken BRC. LNCaP cells were
cultured in RPMI-1640 medium (Wako Pure Chemical Industries)
containing 10% fetal bovine serum (Sigma-Aldrich) at 37°C in a hu-
midified incubator containing 5% CO,. To create the tumor xenograft
models, LNCaP cells were collected in a 1:1 mixture (v/v) of medium
and Matrigel (Corning) and subcutaneously implanted into either the
left or right shoulder of the mice (~5 x 10° cells were inoculated at
each site). The tumor xenograft models (n = 18; body weight, 18.0
2.1 g) were evaluated by small-animal PET/CT 40 d after implantation
(tumor volume, 82.9 = 64.7 mm?3). Male ICR mice (10 wk old; n = 9;
body weight, 39.6 = 2.1 g) were purchased from Japan SLC, Inc., and
used as a non—tumor-bearing cohort for biodistribution experiments.

PET/CT

Data were acquired with a small-animal PET/CT system (Inveon)
(12). The mice were anesthetized with an inhalational mixture of 2%
isoflurane plus 100% oxygen, and '8F-PSMA-1007 (16.5 = 2.7 MBq)
was administered through the tail vein. One hour after the injection,
and after CT, static PET scanning was performed for 10 min (/3). All
PET data were reconstructed by 3-dimensional ordered-subset expec-
tation maximization (16 subsets, 2 iterations), with correction for
attenuation and scatter.

Immunohistochemical Staining and Western Blot Analysis

The tumor-bearing mice were euthanized and the tumors resected.
Half the resected specimens were subjected to immunohistochemi-
cal staining using monoclonal mouse anti-human PSMA clone 3E6
(M3620; Dako) as the primary antibody and EnVision+ system
(horseradish peroxidase) labeled polymer antimouse (K4001; Dako)
as the secondary antibody, in accordance with the manufacturer’s
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instructions (/4). The other half of the tumor specimens was subjected
to Western blot analysis, followed by the bicinchoninic acid assay,
using anti-human PSMA, clone 3E6, monoclonal mouse antibody
(M3620; Dako) as the primary antibody and rabbit polyclonal anti-
body to mouse IgG (horseradish peroxidase) (ab97046; Abcam) as the
secondary antibody, in accordance with the manufacturer’s instruc-
tions (/5). Kidney and salivary gland obtained from male NOD/SCID
mice (6 wk) were also subjected to immunohistochemical staining and
Western blot analysis.

Biodistribution Experiment

ICR mice were divided into the high-MA (n = 3), medium-MA
(n = 3), and low-MA (n = 3) groups. One hour after injection of so-
lution prepared as described above, the mice were euthanized. Organs
were collected, and the radioactivities of the samples were measured
using a y-counter (BeWell; Molecular Imaging Laboratory). The re-
sults were described as percentage injected dose.

Data Analysis

Regions of interest were placed on tumor, salivary gland, liver,
gallbladder, kidney, urinary bladder, and muscle with reference to the
fused CT images, using AMIDE software (version 1.0.4). Regional
uptake of radioactivity was decay-corrected to the injection time and
expressed as SUV . and SUV .., corrected for injected dose (MBq)
and body weight (g). SUV jean for tumor and salivary gland was
plotted against MA level of the injected radiotracer solution using
the Michaelis—Menten model. The Michaelis—Menten constant (Ky)
and maximum rate (V,,,) were calculated using JMP software (version
14.0.0; SAS Institute Inc.). In addition, Scatchard analyses were
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FIGURE 3. (A and B) SUV ean Of major organs (A) and SUV .« of tumor

(B) on '8F-PSMA-1007 PET at 60 min after injection. (C) Ratios of SUV ean
between tumor and salivary gland. *P < 0.05. n.s. = not significant.
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TABLE 2
Biodistribution of 18F-PSMA-1007 Solutions with Different
Peptide Concentrations 60 Minutes After Administration
in Non-Tumor-Bearing Mice

Site High MA Medium MA Low MA
Heart 0.21 £0.06 0.17+0.02 0.16 £ 0.01
Lung 0.66 £+ 0.17 0.56+0.13 0.41+0.13
Spleen 0.95+0.21 0.58+022 0.45%0.22
Liver 0.82+0.09 0.66+0.09 0.99+0.24
Kidney 41.63+2.23 41.90+1.25 32.21+10.29
Muscle 0.10+£0.03 0.10+0.02 0.10 + 0.01
Brain 0.01 £0.00 0.01+0.00 0.01+0.00
Salivary gland  0.55+0.12 0.35 + 0.04* 0.33 + 0.03*
Stomach 0.21 £0.03 0.18+0.05 0.22 +0.03
Pancreas 0.22+0.06 0.28+0.16 0.24+0.03
Testis 0.26 £ 0.05 0.16 + 0.03* 0.17 £ 0.01*
Small intestine  2.10+0.29 2.03+0.35 1.92 +0.31
Large intestine  0.44 £ 0.08 0.48 +0.14 0.50 + 0.17

*P < 0.05 compared with high-MA group by Tukey honestly-
significant-difference test.
Data are percentage injected dose.

performed to obtain maximal binding capacity (B,.x) and dissociation
constant (Ky) for tumor and salivary gland.

Statistical Analysis

JMP software and SPSS (version 25) were used for the statistical
analyses, and the 3 groups were compared using the independent 7 test
with Bonferroni correction and the Tukey honestly-significant-differ-
ence test. A P value of less than 0.05 was considered to indicate a
significant difference.

RESULTS

The profiles of the 3 different MA groups are shown in Table
1. There were no significant differences in tumor size among

the 3 groups, although the larger trend was observed in the
high-MA group because of the variability in size. The results
of immunohistochemical staining for PSMA are shown in
Figures 1A-1C. PSMA overexpression in the plasma membrane
of the tumor cells was confirmed in tumor for all 3 groups.
Western blot analysis also showed significant PSMA overexpres-
sion in tumor, with no significant differences among the groups
(Fig. 1F). In contrast, salivary gland and kidney showed rela-
tively low expression levels of PSMA, compared with tumor
(Figs. 1D, 1E, and 1G).

I8F-PSMA-1007 PET images are shown in Figure 2. In the
high-MA group, uptake was high in tumor and kidney and mod-
erate in salivary gland. In the medium-MA group, high uptake
was preserved in tumor and kidney, but salivary gland uptake
was lower than in the high-MA group. In the low-MA group,
uptake in tumor, kidney, and salivary gland was lower than in the
medium- and high-MA groups, but urinary excretion was higher.
The volume-of-interest analysis showed significantly lower tu-
mor uptake in the low-MA group (SUV .x, 2.2 = 0.8) than in
the high-MA group (SUV .x, 5.7 £ 2.9) and the medium-MA
group (SUV ., 5.4 £ 2.6) (P < 0.05 and P < 0.05, respec-
tively) (Figs. 3A and 3B). With regard to physiologic uptake in
normal organs, salivary gland showed a more sensitive and dose-
dependent decrease in uptake as the MA level of the injected
radiotracer solution was decreased. The tumor-to-salivary gland
SUV pean ratio increased with decreasing MA level of the in-
jected radiotracer solution (1.73 %= 0.55 in the high-MA group,
3.16 = 0.86 in the medium-MA group, and 4.78 = 1.29 in the
low-MA group) (Fig. 3C). Urinary excretion of the radiotracer
was significantly higher, and kidney and muscle uptake significantly
lower, in the low-MA group than in the high- and medium-MA
groups. On the other hand, no significant differences among the
groups were observed for liver and gallbladder, although a trend
toward decreased uptake in these organs was observed with a de-
crease in the MA level of the injected radiotracer solution.

The '8F-PSMA-1007 biodistribution in normal mice is shown in
Table 2. Compared with the high-MA group, the medium- and low-
MA groups showed a significant decrease in salivary gland and testis
uptake.

Figure 4 shows the Michaelis—Menten curves for uptake in
tumor and salivary gland. Ky; and V.« were significantly lower

for tumor (8.78 GBq/pmol and 2.07/h, re-
spectively) than for salivary gland (126

GBg/pmol and 1.41/h, respectively). The
results of the Scatchard plot analyses are
shown in Figure 5 for tumor and salivary
gland. B,,,x and K4 were not estimated for
salivary gland.

DISCUSSION

This study used PET and tissue sampling
to evaluate the influence that different pep-
tide concentrations in '3F-PSMA-1007 in-
jection solution have on tissue uptake.
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FIGURE 4. Michaelis-Menten curves showing relationship between MA level of injected solu-
tion and SUV in tumor (A) and salivary gland (B). Ky and Vo« were 8.78 GBg/pmol and 2.07/h,
respectively, in tumor and 126 GBg/pmol and 1.41/h, respectively, in salivary gland.
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high-MA groups.
Waurzer et al. recently reported that the
MA levels of ®3Ga-labeled PSMA inhibitor
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carefully monitored, particular before PSMA-
A B targeted radionuclide therapy.
@
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FIGURE 5. Scatchard plot analyses in tumor (A) and salivary gland (B). Bjhax and Ky were 4.08
and 0.18, respectively, in tumor. However, analysis failed to obtain B« in salivary gland.

conjugates had a pronounced influence on the results of PSMA PET
imaging (9,10). In their study, addition of unlabeled compounds to
the injection solution, which changed the MA levels from 1,200
to 8 MBg/nmol, resulted in differential accumulation between
tumor and normal organs such as kidney and salivary gland.
They concluded that there is a need for careful evaluation of
the influence of the nonradiolabeled mass or MA on the tumor-
to-organ uptake ratios of PSMA-targeted radiopharmaceuticals.
Our findings are in line with these data, in that we found salivary
gland uptake to be significantly decreased, but tumor uptake
preserved, in the medium-MA group compared with the high-
MA group.

The Ky for tumor in our study was much lower than that for
salivary gland, suggesting that the binding affinity of '®F-PSMA-
1007 was higher in tumor than in salivary gland. As shown in
Figure 1, the expression levels of PSMA in salivary gland were
much lower than those in tumor. Previous studies reported that
in contrast to the very low expression level of PSMA, kidney and
salivary gland showed high physiologic uptake on PSMA PET
(1,4). In addition, Schottelius et al. recently reported that a very
low expression level of PSMA was observed in kidney, com-
pared with LNCaP tumor, by immunohistochemistry on mice
(16). They speculated that non-PSMA-mediated uptake mecha-
nisms, such as megalin/cubilin-mediated tubular reabsorption,
were involved in the kidney uptake.

Xerostomia, caused by salivary gland uptake of the radioligand,
is a major problem in targeted a-therapy using 22Ac-PSMA-617;
it significantly impairs the quality of life and sometimes even re-
quires discontinuation of PSMA-targeted treatment (/7,18). The
present study revealed that adjusting the MA level of the injected
radiotracer can reduce salivary gland uptake while maintaining
tumor uptake. Such an adjustment may become one practical
option for preventing xerostomia during PSMA-targeted radio-
nuclide therapy. '3F-PSMA-1007 PET studies with different MA
levels in the solution should be performed before 22Ac-PSMA
therapy to optimize the uptake ratio between tumor and salivary
gland.

Renal dysfunction is a major problem in !7’Lu-DOTATATE
treatment because of the high kidney accumulation (/9). In
177Lu-PSMA-617 and 22°Ac-PSMA-617 therapy, renal dysfunc-
tion has not been a major problem so far despite this high accu-
mulation (20,27). The present study revealed a high kidney
accumulation of '8F-PSMA-1007, in parallel to the tumor accu-
mulation. It would be difficult to adjust the MA level to decrease
kidney accumulation while maintaining tumor accumulation.
Therefore, in the clinical setting, renal dysfunction should be
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crease in MA level. This finding suggests
the possibility of obtaining a therapeutic
effect in tumor while minimizing adverse
effects on salivary gland by setting an ap-
propriate MA level in PSMA-targeted therapy. The optimal tracer
dose might vary from patient to patient, depending on the tumor
load and physiologic accumulation.
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KEY POINTS

QUESTION: Does '8F-PSMA-1007 uptake in tumor and normal
organs depend on its molar activity (MA) or peptide concentration
of the injected solution?

PERTINENT FINDINGS: The whole-body distribution of 18F-
PSMA-1007 on mouse xenograft models was evaluated when
solutions with different peptide concentrations were used. A de-
crease in the MA level resulted in decreased uptake in tumor and,
to a greater degree, in salivary gland.

IMPLICATIONS FOR PATIENT CARE: There is a possibility of
obtaining a therapeutic effect in tumor while minimizing adverse
effects in salivary gland by setting an appropriate MA level in
PSMA-targeted therapy.
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