FEATURED TRANSLATIONAL SCIENCE ARTICLE
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N-(2-(diethylamino)-ethyl)-18F-5-fluoropicolinamide ('8F-P3BZA) is a
radiotracer that demonstrates high binding selectivity and affinity in
melanoma. The aim of the present study was to estimate the biodis-
tribution and clinical radiation dosimetry of '8F-P3BZA in healthy vol-
unteers and perform a preliminary clinical application for PET/CT
imaging in melanoma patients. Methods: '8F-P3BZA was produced
efficiently with a radiosynthesizer. Six healthy volunteers were injected
with 18F-P3BZA (211.7 + 15.4 MBq) followed by serial whole-body
PET/CT scans and blood tests to assess biodistribution, pharmacoki-
netic, and radiation dosimetry at 10 min, 1 h, 2 h, and 4 h after in-
jection. The vital signs of volunteers were recorded in regular intervals
during the imaging sessions. The effective dose for each subject after
the medical internal radiation dosimetry schema was calculated with
OLINDA/EXM software. For the preliminary clinical application, 5 pa-
tients with suspected melanomas underwent '8F-P3BZA PET/CT
imaging at 10 min and 1 h after injection. All patients also underwent
18F-FDG PET/CT scans on the third day to compare the potential di-
agnostic ability of 18F-P3BZA with '8F-FDG. Results: The radiochem-
istry yield of 18F-P3BZA labeling was 12.3% + 3.9%, and the purity of
18F-P3BZA after purification and formulation was higher than 99.5%.
The highest uptake of 8F-P3BZA was in the liver with an SUV,ean Of
8.3 + 1.0 at 10 min after injection. The resultant whole-body effective
dose was 0.0193 mSv/MBq. '8F-P3BZA showed high uptake and
suggested an ability for specific imaging of melanoma and its metas-
tasis in patients. The average SUV ean Of 8F-P3BZA and '8F-FDG in
tumors was 19.7 + 5.3 and 10.8 + 2.7 at 60 min after injection. Con-
clusion: Our study suggests that '8F-P3BZA is safe and compatible
for clinical use. The first-in-human clinical application to melanoma
showed favorable delineated tumors in patients, demonstrating the
potential of 8F-P3BZA for diagnostic PET imaging of melanoma.
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Malignant melanoma is one of the most aggressive and dan-
gerous types of skin cancers, and there has been an increase in its
incidence worldwide (/). More than 3.4% of patients diagnosed
with a single melanoma developed a second primary melanoma
within 2 y (2—4). Unfortunately, patients with multiple primary
melanomas have significantly worse survival than those with a
single melanoma (5). However, the overall 5-y survival rate can
reach 98% if the melanoma can be detected at its earliest stages
and removed surgically. Therefore, development of specific mo-
lecular imaging probes to both detect melanoma at its earliest
stages and detect the metastasis of melanoma is critical for im-
proving the survival of patients with malignant melanoma.

PET/CT is a powerful molecular imaging tool that plays a
critical role in diagnosis and treatment response evaluation in
malignancies, including melanoma (6,7). '8F-FDG is routinely
used for PET/CT imaging of stage III/IV malignant melanoma
(detection of distant metastases) and for therapeutic monitoring
(8). However, '8F-FDG is nonspecific and not sensitive enough for
the detection of primary melanoma and metastases in stage I/II
melanomas (9). Thus, many radiolabeled PET imaging probes,
such as antibodies, peptides, and small molecules associated with
malignant melanoma, have been developed for melanoma imaging
(10-13). Among those targeting compounds, radiolabeled benza-
mide analogs showed promising specificity and high binding af-
finity to the melanin pigment that is overproduced in melanomas
of mice xenografts (/4-19).

Melanin pigment exists in most melanoma lesions, and only
2%—-8% of melanomas are amelanotic (lacking either pigment on
visual inspection or melanin in the pathology) (20,21). Further-
more, melanin can also regulate epidermal homeostasis and thus
affect melanoma behavior (22,23) and the outcome of radiother-
apy (24); melanin production shortens overall survival and dis-
ease-free survival in patients with metastatic melanoma. Thus,
melanin is a very important target for melanoma diagnosis and
therapy effect estimation. Our group has designed and synthesized
a series of '8F-labeled benzamide analog probes for PET imaging
on the basis of the picolinamide structure, which targets melanin
for melanoma diagnosis. We found that N-(2-(diethylamino)-ethyl)-!8F-
5-fluoropicolinamide ('8F-P3BZA) had high specificity and favor-
able pharmacokinetic properties for binding with melanin and
demonstrated good potential for PET imaging of melanoma (25,26).

Given the potential of '3F-P3BZA for imaging melanoma in a
clinical setting, in this study we further optimized the radiochem-
istry of 8F-P3BZA to make the synthesis faster, automatic, and
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TABLE 1
Demographics of Study Subjects
Injected
Patient no. Age (y) Sex Weight (kg) dose (MBq)
1 55 F 55 187
2 61 F 59 210
3 42 F 51 204
4 49 M 75 229
5 63 M 66 214
6 57 M 70 226
Mean 545+78 — 626+92 211.7+154

compatible for clinical use. For clinical translation purposes, we
presented the first-in-human biodistribution and effective radiation
dose of '8F-P3BZA to various organs and whole body in 6 healthy
volunteers by performing a series of whole-body PET imaging
after intravenous injection of '8F-P3BZA. Then, to our knowledge
for the first time, we preliminarily investigated the clinical value
of 8F-P3BZA by performing both '8F-P3BZA and '®F-FDG PET/
CT imaging on 5 patients with suspected melanomas and verified
the diagnosis with pathology.

MATERIALS AND METHODS

Healthy Volunteers and Patients

This study was approved by the Independent Ethics Committee
of Xijing Hospital (no. KY20151230-1) and was registered at
ClinicalTrials.gov (NCT03033485). Six healthy volunteers (age range,
42-63 y; 3 men and 3 women; Table 1) were recruited for biodistri-
bution and radiation dosimetry in this study, and 5 patients with sus-
pected melanomas (age range, 43—-66 y; 3 men and 2 women; Table 2)
were recruited for preliminary clinical application of '8F-P3BZA. All
of the patients were randomly chosen from the clinic when they first
came to the hospital and were preliminarily diagnosed with melanoma
according to a visual examination. They did not receive any kind of
therapy before PET/CT imaging. They gave written informed con-
sent before inclusion, in accordance with the recommendation for
Good Clinical Practice by Xijing Hospital. None of the subjects dem-
onstrated any clinically significant abnormalities before examina-
tions. All patients underwent pathology examinations after the
imaging studies.

Radiochemistry of 18F-P3BZA

The synthesis scheme of '8F-P3BZA is shown in Figure 1. '8F-
fluoride was produced via the ['®0 (p, n) !8F] nuclear reaction with
cyclotron (HM-12 s; Sumitomo). '8F-P3BZA was synthesized on an
AllInOne Synthesizer (Triasis) using an automatic procedure that was
optimized according to our previous radiolabeling method, a 1-step
bromine-for-fluorine nucleophilic substitution (Supplemental Table 1;
Supplemental Figure 1 [supplemental materials are available at http://
jnm.snmjournals.org]) (25).

Biodistribution, Dosimetry, and Safety of '8F-P3BZA in
Healthy Volunteers

The biodistribution and dosimetry procedure (Fig. 2) was designed
according to a reported method (27). '8F-P3BZA in the range of 187—
229 MBq (average dose, 211.7 = 15.4 MBq; Table 1) was injected to
healthy volunteers through a venous line into the arm within 30 s.
Serial whole-body PET/CT scans were acquired on a dedicated PET/
CT scanner (Biograph 40 system; Siemens Medical Solutions) at 10,
60, 120, and 240 min after injection. The uptake of each major organ
was calculated by drawing a volume of region over the major organs
on the basis of the contour of CT images according to the requirement
of the medical internal radiation dosimetry method. Urine samples
were collected before each PET/CT scan and were measured for ra-
dioactivity concentration in a calibrated 256-Channel y-counter (Cap-
intec, Inc., USA). The number of integrations of the bladders was
calculated using the International Commission on Radiological Pro-
tection 30 urinary bladder model as implemented in OLINDA/EXM
software (version 1.1; Vanderbilt University).

For pharmacokinetic analysis, a 2-mL blood sample was obtained
before every imaging session and tested for radioactive counts with
the y-counter. Then the blood sample was centrifuged (3,500 rpm,
5 min), and the supernatant plasma was collected to count radioactiv-
ity. The distribution ratio between blood cells and plasma was calcu-
lated from the activity concentrations of whole blood and plasma at
each time point according the method described by Jim et al. (28).
Time-activity curves for the blood and plasma were then plotted with
GraphPad Prism 7.0 (GraphPad Software Inc.).

The effective doses of major organs were calculated using the
OLINDA/EXM software by modifying the standard reference phan-
toms with subject-specific masses (27,29). Since eyes were not in-
cluded in the OLINDA/EXM system, the effective dose of the eyes
was calculated according to the reported method (30,317). Safety data,
including vital signs (heart rate, blood pressure, respiratory rate, body
temperature, and skin color) and electrocardiograms, were recorded
before and 5 h after injection.

TABLE 2
Demographics of Patients

Injected dose (MBQq)

Patient no. Age (y) Sex Stage* Weight (kg) 18F-P3BZA 18F-FDG
1 49 M Il 72 219 381
2 66 F 1] 52 162 266
3 59 M v 66 210 363
4 43 M n 75 226 444
5 56 F Il 57 177 292
Mean 54.6 + 8.9 — — 64.4 +9.8 198.8 + 27.9 3492+ 714
*Cancer stages of patients were decided after the pathology examination.
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FIGURE 1. '8F-P3BZA synthesis scheme.

PET/CT Scans of Melanoma Patients

All 5 patients underwent both '8F-P3BZA and '8F-FDG PET/CT
scans with a 2-d interval between procedures (Fig. 2). The dosages for
ISF_.P3BZA and '8F-FDG were 3.1 and 5.55 MBg/kg, respectively
(exact doses are shown in Table 2). Two cycles of PET/CT scans of
the whole body were acquired 10 and 60 min after intravenous in-
jection of '8F-P3BZA. Two days later, '8F-FDG PET/CT scans were
obtained at 60 min after injection. All PET/CT images were acquired
and reconstructed with the same parameters as the method used for
healthy volunteer imaging as described above. The uptake of primary
tumors, metastases, and major organs were analyzed by drawing vol-
ume of regions. All PET/CT images were also independently reviewed
by 3 highly experienced certified specialists in nuclear medicine.

Immunohistochemical Staining

A few days after PET/CT imaging, patients bearing a single pri-
mary melanoma underwent standard surgery to resect the tumor. For
patients bearing metastases, biopsies were performed on one of the
major lesions, and the sample was subsequently analyzed by standard
hematoxylin and eosin (H&E) and immunohistochemistry staining.
Resected tissue was analyzed by standard H&E and immunohisto-
chemistry staining to verify the PET/CT findings.

Statistics
All statistical analyses were performed using GraphPad Prism 7.0
for MAC OS X. All data are presented as mean *= SD.

RESULTS

Radiochemistry of 18F-P3BZA
The overall radiosynthesis time using the AlllnOne Synthesizer
is about 54 min, including labeling, purification, and formulation

Healthy volunteers
v v v v
i 1 i i
Inject 30 60 120 240 min
18F-P3BZA
Melanoma patients
Day1 | | Day 3 [
Inject 30 60 min Inject 60 min
18F_P3BZA BE_-FDG
¥ Blood sample | CT scan PET scan

processes. The radiochemical yield (not decay corrected) of '8F-
P3BZA was 12.3% * 3.9% (n = 6), and the radiochemical purity
tested by representative radio semipreparative high-pressure liquid
chromatograph was greater than 99.5% in all batches. The specific
activity was 131.9 * 24.6 GBg/pmol (n = 6), which was calcu-
lated according to the chromatograph from the representative
radio—semipreparative high-pressure liquid chromatograph by
coinjection of '8F-P3BZA and '°F-P3BZA. The in vivo stability
was higher than 94% after 4 h after injection. The analytic repre-
sentative radio—semipreparative high-pressure liquid chromato-
graphs are shown in Supplemental Figure 2.

Biodistribution, Safety, and Dosimetry in Healthy Volunteers

During the study, no immediate adverse events were observed
for any subjects, including both healthy volunteers and melanoma
patients. No significant changes in the vital signs (heart rate, blood
pressure, respiratory rate, body temperature, and skin color) and
electrocardiograms were observed during the imaging period,
indicating that the imaging dose of '8F-P3BZA was safe and
tolerable.

The maximum-intensity-projection images of '3F-P3BZA at 4
different time points after administration in healthy volunteers are
presented in Figure 3. Prominent accumulation of '8F-P3BZA was
observed in the liver, kidneys, stomach, spleen, and bladder at
each time point after injection, followed by a quick decrease over
the remainder of the study due to radioactivity elimination through
the liver and kidneys. The highest uptake of 18F-P3BZA is in the
liver, with an SUV e, of 8.3 £ 1.0 at 10 min after injection. The
blood analysis result (Supplemental Fig. 3) showed 6.2% *= 1.1%
and 3.6% = 0.7% of the peak radioactivity remained in circulation
at 10 and 240 min after injection, respectively, indicating '3F-
P3BZA was quickly cleared from the blood pool.

Moderate uptake was observed in the brain, eyes, and bone
marrow, and low uptake was observed in the lungs and muscle.
The time—distribution pattern of '8F-P3BZA in the brain was
shown in Figure 4A. The SUV ,ca, in the brain was 3.5 = 0.4,
20*x02,1.7 £0.2,and 1.4 = 0.2 at 10, 60, 120, and 240 min,
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FIGURE 2. Timeline of the dosimetry study (upper part) and melanoma
(lower part) PET/CT imaging.

FIGURE 3. Maximum-intensity-projection PET images at different time
points after '8F-P3BZA injection in female subject (A) and male subject (B).
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120 min
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FIGURE 4. Transverse images of brain (A) and stomach (B) at different
time points after '8F-P3BZA injection.

respectively. The '8F-P3BZA was cleared quickly from most of
the brain regions after 120 min. Because of melanin pigment
accumulation, the eyes showed a distinctive uptake of 1.6 =
03,21 £ 04,24 = 0.5, and 2.2 = 0.3 at 10, 60, 120, and
240 min, respectively. Moderate uptake was also observed in the
regional obsolete lymph nodes that showed calcification in the
chest. Supplemental Figure 4 shows a representative image of
I8F.P3BZA uptake in lymph nodes.

ISF_P3BZA was mostly cleared through the kidneys, resulting
in high accumulation in the kidneys and bladder. A special uptake
was observed in the stomach (Fig. 4B); '8F-P3BZA quickly

accumulated in the stomach lining within the first 10 min after
injection. By 60 min, the probe had fully secreted into the cavity.
After 240 min the probe was completely expelled from the stom-
ach. The average SUV e, of the stomach was 10.9 = 1.1 at
60 min after injection. The time-radioactivity curves of the decay-
corrected uptake of each organ are shown in Figure 5 (specific
values are listed in Supplemental Table 2).

The average absorbed dose estimates overall in healthy partic-
ipants are listed in Table 3. The bladder wall received the highest
dose of all organs (0.12 mSv/MBq), reflecting renal tracer clear-
ance. The absorbed dose of the eyes was 0.0128 mSv/MBq. The
other major organs that received relatively high doses were
the liver (0.0407 mSv/MBq) and spleen (0.0247 mSv/MBq).
The mean effective dose of '8F-P3BZA was 0.0193 mSv/MBq.
With an average injected '8F-P3BZA dose of 204 MBq, the vol-
unteer received an effective dose of 3.94 mSv.

PET/CT Scans of Melanoma Patients

To assess the clinical transfer potential of 'SF-P3BZA, we inves-
tigated the tumor uptake of '3F-P3BZA in malignant melanoma
tissues of 5 patients before surgical intervention and compared these
with '8F-FDG PET/CT imaging results. Uptake by primary tumors,
axillary lymph nodes, and metastases was clearly visualized at both
the 10-min and the 1-h '8F-P3BZA PET/CT scans and on the '8F-
FDG PET/CT scan at 60 min after injection (Fig. 6; Supplemental
Table 2).

Both 3F-P3BZA and '|8F-FDG PET/CT detected 5 primary
melanomas, 2 lymph node metastases, and 1 bone metastasis total.
The average SUV . of primary tumors was 19.7 * 5.3 for '8F-
P3BZA PET and 10.8 = 2.7 for '3F-FDG PET at 60 min after
injection. The average SUV,,, of metastases was 18.2 = 3.7 for
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FIGURE 5. Average time-SUVean curves (n = 6) for 12 major organs (error bars indicate +SD).
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TABLE 3
Estimated Absorbed Radiation Dose for 18F-P3BZA

Organ Dose (mSv/MBq)

Adrenals 0.0150
Brain 0.0147
Breasts 0.0075
Gallbladder wall 0.0158
Lower large intestine wall 0.0134
Small intestine 0.0207
Stomach wall 0.0219
Upper large intestine wall 0.0228
Heart wall 0.0166
Kidneys 0.0218
Liver 0.0407
Lungs 0.0121
Muscle 0.0120
Ovaries (n = 3) 0.0109
Pancreas 0.0224
Red marrow 0.0122
Osteogenic cells 0.0085
Skin 0.0034
Spleen 0.0247
Testes (n = 3) 0.0086
Thymus 0.0051
Thyroid 0.0110
Urinary bladder wall 0.1200
Uterus 0.0141
Eyes 0.0128
Total body 0.0099
Effective dose 0.0193

1BE_P3BZA PET and 6.3 = 2.2 for '8F-FDG PET. Moreover, the
uptake of '8F-P3BZA in the liver, spleen, kidneys, stomach, and
other normal organs was conspicuously decreased whereas the
accumulation of the probe in tumors and metastases increased
significantly after 60 min, which produced a higher tumor-to-mus-
cle ratio at 60 min than that at 10 min (18.5 £ 4.8 vs. 8.0 £ 3.2)
and also much higher than the ratio at 60-min '®F-FDG PET
imaging (18.5 = 4.8 vs. 10.3 = 3.9). The highest uptake was
found in a patient with melanoma at stage IV. The maximum-
intensity-projection and axial transverse images of this patient at
10- and 60-min '8F-P3BZA and 60-min '8F-FDG PET are shown

in Figures 7A and 7B, respectively. The primary melanoma located
at the right lower alveolar, lymph node metastasis, and bone metas-
tasis at the second lumbar vertebra were clearly delineated, with an
SUV mean 0f 10.9, 9.4, and 8.6 on 60-min '8F-P3BZA PET and 7.7,
8.7, and 5.8 on 60-min '8F-FDG PET, respectively. The primary
lesion was confirmed with final H&E and immunohistochemistry
staining, as shown in Figure 7C.

Immunohistochemical Staining

Melanoma tissues from all 5 patients were analyzed by standard
H&E and immunohistochemistry staining. All primary tumors
showed high melanin content.

DISCUSSION

In this clinical trial study, we evaluated the first-in-human safety,
pharmacokinetics, biodistribution, and radiation dosimetry of a
specific melanoma-targeted PET/CT imaging probe, 'SF-P3BZA,
in 6 healthy human participants. We also investigated the pre-
liminary application of 18F-P3BZA for melanoma imaging in 5
patients with melanoma. The tracer was well tolerated, and no
adverse effects or clinical changes in vital signs were observed.
The whole-body effective dose was favorable, equaling 3.94 mSv
at an injected activity of approximately 204 MBq as normal dos-
age. This is lower than the reported dose of '®F-FDG, for which
the effective dose is approximately 9.0 = 1.6 mSv at an average
clinical dose of 450 + 32 MBq (32). Although '8F-P3BZA shows
moderate uptake in eyes, the absorbed dose is acceptable and safe
according to the reference published by the International Com-
mission on Radiological Protection (33). Thus, '8F-P3BZA is safe
for clinical use, and the estimated radiation dose is acceptable.

The '8F-P3BZA biodistribution in healthy volunteers showed
the primary clearance route was through the hepatobiliary system
and renal pathway. The primary uptake of '®F-P3BZA is distinctly
visible in images at all time points in those tissues known to have a
high concentration of melanin, such as the eyes and scalp. The
accumulation in eyes is a characteristic uptake of '|F-P3BZA
because of the pigmented structures in the eyes, including cho-
roidal melanocytes and retinal pigment cells (34).

High uptake was also observed in the stomachs of all healthy
volunteers and melanoma patients. From the distribution pattern of
ISE_P3BZA in the stomach, it can be observed that the probe
quickly accumulated in the stomach wall after injection, then
secreted into the lumen and cleared rapidly. More importantly,
none of the healthy volunteers and melanoma patients indicated
any stomach discomfort after injection. We are undertaking further
studies to figure out the mechanism for accumulation and secre-
tion of '8F-P3BZA in the stomach.

To assess the potential of '8F-P3BZA as a specific PET tracer for
melanoma imaging, we enrolled 5 patients for '3F-P3BZA and '®F-
FDG PET/CT imaging. The results showed
that '8F-P3BZA distributes to the melanoma

A s

24 T I '8F-P3BZA 10 min
>
2 [Z] '8F-P3BZA 60 min
1 [E 8F-FDG 60 min

Tumor to muscle ratio

- s NN

Tumor Metastasis Tumor

Metastasis

quickly and demonstrates a high tumor uptake
and tumor-to-muscle ratio after injection.
I8F-FDG PET/CT is valuable for melanoma
diagnosis and therapeutic effect evaluation
in the clinic. However, '8F-FDG imaging has
limitations, such as the false-positive of inflam-

I '%F-P3BZA 10 min
[ '8F-P3BZA 60 min
3 '8F-FDG 60 min

FIGURE 6. Average SUV,ean (A) and tumor-to-muscle ratio (B) of melanoma tumors and meta-

stases in patients (n = 5).

mation, and the substantially lower tumor-to-
muscle contrast of 3F-FDG PET, compared
with that of '8F-P3BZA. By specifically targeting
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