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First-in-human dosimetry and
safety evaluation of ®®Ga-aMSH
derivative for PET imaging of
melanoma

Samaneh Zolghadri', Mohsen Bakhshi Kashi?, Nasim Vahidfar?, Saeed Farzanefar?,
Arezou Karimian!, Mohammad Hossein Mohammadi Ashnani®* & Hassan Yousefnia**

Melanoma remains one of the leading causes of cancer-related mortality worldwide, necessitating
advanced imaging techniques for early and accurate detection. This study assesses the dosimetry,
safety, and imaging performance of a novel 8Ga-labeled a-melanocyte-stimulating hormone ([*Ga]
Ga-aMSH) derivative for targeting melanocortin 1 receptors (MC1Rs) in metastatic melanoma. In
this first-in-human, prospective, open-label clinical trial, 11 patients with histologically confirmed
metastatic melanoma underwent whole-body PET/CT imaging following intravenous administration
of the radiolabeled compound (150 + 10 MBq). Tumor uptake, biodistribution, pharmacokinetics, and
radiation dosimetry were evaluated at 60 and 120 min post-injection. Organ and tumor uptake values
were measured as standardized uptake values. Radiation dose estimates were calculated using the
MIRD methodology and S-values obtained from OLINDA/EXM software. Safety evaluations included
monitoring adverse events, biochemical parameters, and vital signs. The radiopharmaceutical
demonstrated rapid and selective uptake in metastatic melanoma lesions, achieving high tumor-to-
background contrast within 60 min. Quantitative analysis showed substantial tumor uptake, with
sustained activity at 120 min. High tumor-to-blood and tumor-to-muscle ratios ensured excellent
lesion detectability. The kidneys exhibited the highest absorbed dose (0.0948 + 0.0425 mSv/MBq),
attributed to renal excretion, whereas the brain received the lowest dose (0.0012 +0.0007 mSv/MBq).
Comparisons with [*®FIFDG and other tracers demonstrated superior dosimetry profiles, minimizing
radiation exposure and enabling repeat imaging. Also, safety monitoring revealed no serious adverse
events. [8Ga]Ga-aMSH analogue exhibits excellent imaging properties, favorable pharmacokinetics,
and a strong safety profile, supporting its clinical utility for PET imaging of metastatic melanoma. Its
high tumor specificity and minimal off-target accumulation address limitations associated with [*8F]
FDG.

Melanoma is an aggressive form of skin cancer with a high global mortality rate!?. Although the incidence
of some cancers has decreased in recent years, melanoma, which is among the top 10 cancers, has shown an
increasing incidence in recent years®. In the five stages of melanoma, the 0 stage is melanoma without metastases,
and the IV stage is spread melanoma in the body that moves to other regions, including the brain, liver, lymph
nodes, lungs, and bones*. Therefore, timely and accurate detection using advanced imaging modalities, such as
positron emission tomography (PET) can effectively control the death rate worldwide?®.

PET accurately identifies clusters of tumor cells that spread and metastasize to various organs or tissues.
While ['F]FDG PET/CT remains the standard imaging modality for melanoma staging and monitoring,
due to its ability to detect metabolically active tumors®, it has several notable limitations. FDG uptake is
non-specific and can occur in inflamed or infected tissues, potentially leading to false-positive results and
unnecessary interventions’. Furthermore, FDG’s diagnostic accuracy can be compromised in diabetic patients
or those with elevated blood glucose levels®. The technique also shows limited specificity in detecting early
locoregional lymph node metastases, making it less reliable in initial staging”!®. Additionally, a phenomenon
known as pseudoprogression, frequently observed in patients receiving immune checkpoint inhibitors, may
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cause increased FDG uptake due to immune cell infiltration rather than true tumor growth. These limitations
highlight the need for more specific radiotracers that reduce off-target uptake and improve lesion detectability,
particularly in complex clinical scenarios. In this context, radiopharmaceuticals targeting tumor-specific
biomarkers such as melanocortin-1 receptors (MC1Rs) offer a promising alternative'!.

The physical characteristics of Gallium-68 (®3Ga), including its short half-life of 67.71 min and high positron
emission yield of 88%, make it an ideal radionuclide for PET imaging, offering high-quality images with minimal
radiation burden to patients'?. ®®Ga is conveniently available from a Germanium-68/Gallium-68 (%3Ge/%Ga)
generator, which is easily accessible and relatively inexpensive!®. The recent development of easily labeled
small peptides with ®*Ga has unequivocally enabled the production of radiopharmaceuticals for PET imaging.
Moreover, ®®Ga is increasingly used in combination with lutetium-177 (1”’Lu) as part of theranostic approaches,
enabling both diagnostic and therapeutic applications!*!>.

Alpha-melanocyte-stimulating hormone (a-MSH) is a known peptide hormone that regulates melanogenesis
and binds to the melanocortin 1 receptor (MCIR) on melanocytes. a-MSH influences skin pigmentation by
stimulating the production of melanin and is available in linear and cyclic analog forms'. However, several
a-MSH motifs, including CCZ01047, CCZ01056, and CCZ01048'7 have been developed and preclinically
evaluated. Among these, CCZ01048, with the sequence of His-Phe-Arg-Trp and DOTA-4-amino-(1-
carboxymethyl) piperidine (Pip)-Nle-CycMSH, ,'®, has shown promising results in labeling with Ga and
177Lu!%%, including high stability, great binding affinity?!, and high tumor uptake characteristics?2.

Dosimetry plays a pivotal role in both diagnostic and therapeutic nuclear medicine, particularly in first-in-
human and early-phase clinical studies, where it provides a quantitative assessment of the radiation absorbed
by the patient. Dosimetry evaluations have been mandated by regulatory authorities such as the U.S. Food and
Drug Administration (FDA) and the European Medicines Agency (EMA) to document radiation exposure to
critical organs and the whole body during the approval process for new radiopharmaceuticals. Furthermore,
compliance with the International Commission on Radiological Protection (ICRP) and the Medical Internal
Radiation Dosimetry (MIRD) standards makes this measurement beneficial, accurate, and consistent?3.

Given the limited availability of effective radiopharmaceuticals for the diagnosis of metastatic melanoma,
the development of novel targeted agents remains a critical need in nuclear medicine. In this context, proper
a-MSH analogues labeled with Ga using PET modalities may have unique properties in the imaging metastatic
melanoma.

The [%3Ga]Ga-CCZ01048 radiotracer introduced in this study represents a promising strategy for imaging
metastatic melanoma through selective targeting MCI1Rs, which are overexpressed in melanoma cells. In
contrast to conventional PET tracers such as ['®F]FDG, this tracer enhances tumor detection while minimizing
non-specific uptake in healthy or inflamed tissues. Structurally, it is a modified a-MSH analogue with DOTA-
based modifications which improves receptor-binding affinity, metabolic stability, and clearance from non-
target tissues. The DOTA moiety ensures strong radiochemical stability and efficient chelation of ®®Ga (Fig. 1),
making the tracer highly stable and suitable for clinical use.

To the best of our knowledge, ®Ga-labeled a-melanocyte-stimulating hormone (aMSH) analogues have
rarely been evaluated in clinical studies. One prior first-in-human study reported by Yang et al.>* demonstrated
the feasibility of such compounds in melanoma imaging. However, no clinical study to date has evaluated [*Ga]
Ga-CCZ01048 specifically, nor compared its performance with ['®F]FDG in a head-to-head setting, as done in
the present work. Furthermore, this study includes a direct comparison of the new radiopharmaceutical with
the standard-of-care tracer ['F]FDG to evaluate its diagnostic performance. Specifically, [**Ga]Ga-CCZ01048,
amodified a-MSH analogue designed for selective binding to MC1Rs, was evaluated. It is important to note that
[8Ga]Ga-CCZ01048 and [**Ga]Ga-aMSH refer to the same radiopharmaceutical compound throughout this
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Fig. 1. Chemical structure of [#Ga]Ga-CCZ01048.
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Methods

Study design

This prospective, first-in-human, open-label clinical study was designed to evaluate the dosimetry and safety
of a novel PET radiopharmaceutical in patients with metastatic melanoma. The study was conducted between
2023 and 2024 in accordance with the Declaration of Helsinki and approved by the Research Ethics Committee
of the Tehran University of Medical Science (Approval No.: IR TUMS.IKHC.REC.1402.245). Written informed
consent was obtained from all participants prior to enrollment.

Patients and eligibility criteria

A total of 11 patients (7 women and 4 men), with a mean age of 55+ 12 years and mean weight of 69+ 14 kg,
were enrolled in this study. 5 patients were enrolled for initial staging, aimed at assessing the primary status of
melanoma and determining the extent of disease spread throughout the body. This stage focused on identifying
the disease stage and evaluating its dissemination in various organs. 6 patients were enrolled for restaging, having
previously undergone different treatments. The purpose of the PET/CT scan in these patients was to reassess
the disease status and evaluate its progression or response to treatment. All participants had histologically
confirmed metastatic melanoma, were 18 years of age or older, and demonstrated adequate organ function at
baseline. Exclusion criteria included overweight (>225 kg), prior systemic therapy within four weeks, severe
organ dysfunction, or any contraindication to PET imaging agents. All relevant medical records, including
pathology reports and imaging data, were reviewed prior to enrollment.

Preparation and quality control of the radiopharmaceutical

The CCZ01048 peptide was procured from MedChemExpress LLC (USA). The novel radiopharmaceutical,
[8Ga]Ga-CCZ01048, was prepared via a chelation-based radiolabeling method with %8Ga obtained from an
in-house developed ®*Ge/%*Ga generator in sterile conditions according to the previously published procedure?2.
Radiochemical purity (>99%) was verified using high-performance liquid chromatography (HPLC) and
instant thin-layer chromatography (ITLC). The final product was passed through a 0.22 um Millipore filter
(MilliporeSigma, USA) and used for injection.

Imaging study Protocol

Patients received intravenous (i.v.) administrations of [Ga]Ga-CCZ01048 (150+10 MBq) and [**F]FDG
(303+£59 MBq) for comparative imaging. Whole-body PET/CT scans were performed at 60- and 120-min
post-injection using a Discovery IQ PET/CT scanner (GE Healthcare, Waukesha, WI, USA) to assess tracer
distribution and uptake. The exact acquisition time per bed position was 180 Sec. Finally, PET images were
reconstructed using standard corrections for dead time, random events, attenuation (via low-dose CT), and
scatters. The 60- and 120-min imaging time points were selected based on preclinical studies with the same
compound, [%*Ga]Ga-CCZ01048, which demonstrated sustained high tumor uptake and favorable tumor-to-
background contrast at both time points'S.

All detected lesions in each scan were described and compared. Additionally, SUVs were calculated for each
lesion, specifically, SUV, .. of each lesion was normalized to SUV, of the liver, which served as the reference
organ. This comparison enhanced the differential diagnostic capability and sensitivity of the novel radiotracer
relative to ['8F] FDG. Data analyses were conducted using SPSS software (version 25).

Dosimetry study

Dosimetry calculations were conducted to estimate radiation absorbed doses to organs based on time-activity
curves (TACs) and time-integrated activity coeflicients (TIACs). The SUV's were calculated after imaging in each
patient using Eq. 1, from which the cumulated activity is determined, and the volume (ml) of the body obtained
by references®~%":

concentrationactivity (MBq/ml)

injectionactivity(M Bq) (1)
bodyweight(g)

SUV (9/mp) =

Regions of interest (ROIs) were manually delineated over critical organs and tumor lesions. TIACs were derived
from PET/CT imaging data and served as input for subsequent dosimetry modeling. The Cumulative activity
(A) for each organ was calculated using the SUV__ , which offers greater reproducibility and minimizes
variability compared to SUV,__-based approaches. As illustrated in Fig. 2, cumulative activity was computed
using Eq. (2)?%?°, based on a mathematical extrapolation of the TACs. The procedure involved the following
steps: (1) extraction of SUV__values from defined ROIs, (2) conversion of SUV to MBq/mL using organ
volume and patient weight, and (3) integration of the TACs over time to estimate total activity accumulation in

each organ.

~ +oo
A= [ A(t)dt (2)
0

where A(t) represents the measured activity in each organ over time.

To estimate the cumulative activity for each source organ, the activity at time zero was assumed to be zero.
Activity measurements at 60- and 120-min post-injection were connected using linear interpolation to form the
initial segment of the time-activity curve. Subsequently, the activity at the 120-min point was extrapolated to
infinity by fitting a mono-exponential decay function based on the physical decay constant of ®*Ga®**!. The area
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Fig. 2. Schematic representation of TACs used for the calculation of cumulative activity (A). Points A and B
represent activity measurements derived from patient PET data for each source organ. At time zero, activity in
all source organs (excluding blood) is assumed to be zero. From point B, the curve is extrapolated to infinity
using a mono-exponential decay function with the physical decay constant of ®Ga. The shaded area under the
curve corresponds to the cumulative activity for the respective organ.

under the resulting curves, from zero to infinity, was calculated and used to represent the cumulative activity
(A) for each organ.
Subsequently, the absorbed dose is estimated using A and S-values according to the MIRD method (Eq. 3):

D =A xS —wvalue (3)
The S-values for ®Ga radionuclide had been pre-computed using the OLINDA/EXM software (version 2.1)%2

Endpoints and safety monitoring

The Primary endpoints of this study included the assessment of tumor uptake, pharmacokinetic profiles, and
organ-specific radiation dose estimates following administration of [**Ga]Ga-CCZ01048. Secondary endpoints
focused on evaluating the safety profile of the radiopharmaceutical, including the incidence of adverse events,
and preliminary efficacy in lesion detection. All patients were monitored up for adverse events to 7 days post-
injection, and routine biochemical analyses were performed to assess renal and hepatic function.

Statistical analysis

Descriptive statistics were employed to summarize and analyze the biodistribution, pharmacokinetics, dosimetry,
and safety profiles of [**Ga]Ga-CCZ01048 in patients with metastatic melanoma. Specifically, the mean, standard
deviation (SD), range, and median were calculated for key variables such as SUVs, organ-specific radiation dose
estimates, and pharmacokinetic parameters. For comparative analysis, paired t-tests were conducted to assess
differences in tracer uptake between tumor and non-tumor tissues, with statistical significance set as p <0.05.
For dosimetry calculations, organ-specific absorbed doses were derived from TACs and TIACs, using the MIRD
formalism and S-values obtained via the OLINDA/EXM software.

Results

Preparation and quality control of the radiopharmaceutical

The radiolabeled compound was prepared under optimized conditions (pH=3, temperature=95 °C,
time=15 min, and peptide amount=15 pg), achieving a RCP greater than 99%, as confirmed by analytical
methods (Fig. 3).
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Fig. 3. HPLC chromatogram of [**Ga]Ga-CCZ01048.

Patient ID | Age (years) | Gender | Stage of melanoma | Primary tumor location Histopathology confirmation
01 63 F v Left foot Yes
02 66 F v Right cheek Yes
03 48 F v Perianal and perirectal region Yes
04 29 M v Right posterior auricular, scalp, and parotid gland | Yes
05 53 F I Left shoulder Yes
06 59 F v Maxillary sinus Yes
07 53 M 1I Distal phalanx of the right thumb Yes
08 60 F I Dorsal right hand Yes
09 49 M v Melanoma with Unknown Primary (MUP) Yes
10 74 M 111 Left buccal area Yes
11 57 F II/111 Frontal skin above the right eyebrow Yes

Table 1. Demographic characteristics, clinical staging (TNM), primary tumor location, and histopathological
confirmation of the study participants.

Tumor uptake and imaging performance

In this study, the diagnostic confirmation of lesions was primarily based on PET/CT imaging findings. Since
all patients had confirmed metastatic melanoma, imaging results were compared with clinical data and patient
history. In patients who underwent biopsy, radiotracer uptake observed on PET/CT correlated well with
histopathological findings. A high concordance was observed between the radiotracer uptake sites of [*®Ga]Ga-
aMSH and biopsy-confirmed lesions, indicating the high sensitivity of this radiotracer for detecting metastatic
melanoma. To provide a comprehensive overview of the study cohort, Table 1 summarizes the demographic
characteristics, TNM staging, and histopathological findings of all included patients.

PET/CT images were acquired after injection of the [*®Ga]Ga-CCZ01048 and [“F]FDG radiotracers.
The novel PET radiopharmaceutical exhibited rapid and selective uptake in metastatic melanoma lesions,
achieving high tumor-to-background contrast as early as 60 min post-injection (Figs. 4 and 5). The radiotracer
demonstrated fast clearance from non-target tissues, with the majority of the radioactivity excreted via the
urinary system within the first hour. Renal uptake was the most prominent among non-target organs, primarily
due to physiological excretion rather than receptor-specific binding. These findings highlight the favorable
pharmacokinetic profile of the tracer, characterized by minimal off-target accumulation and efficient systemic
clearance. PET/CT imaging effectively visualized metastatic melanoma lesions, confirming the diagnostic
potential of the radiotracer. The high-resolution imaging capability facilitated clear delineation of tumor margins
and supported its utility for detecting lesions in complex anatomical regions.
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Fig. 4. A 48-year-old female with a history of rectal melanoma referred for restaging. (A, B) [®Ga]Ga-
CCZ01048 PET/CT images; (C, D) ['®F]FDG PET/CT images. The patient was diagnosed with mucosal
melanoma of the perineal region, with evidence of local recurrence and extensive metastatic spread. PET/
CT revealed two large tumor masses in the perineal and perirectal regions extending to the mesorectum
and perisacral areas. Additionally, at least six pulmonary nodules were identified in the right lung, indicative
of pulmonary metastases. Multiple mesorectal lymph nodes were also involved, suggesting lymphatic
dissemination of the disease.

A comparative imaging analysis between [*®Ga]Ga-aMSH and ["*F]FDG demonstrated that [**Ga]Ga-aMSH
exhibited significantly higher uptake in metastatic melanoma lesions, while ['*F]JFDG showed uptake in both
malignant and non-specific metabolically active tissues. Table 2 summarizes the mean SUV__ values across
different organs, as well as the tumor-to-liver SUV, _ ~ratios obtained 60 min post-injection of each radiotracer.
On average, the SUV___ of metastatic lesions was higher with [8Ga]Ga-aMSH than with [*¥F]FDG, reflecting
the superior target spec1ﬁc1ty of [8Ga]Ga-aMSH for MC1R-expressing tumors. In contrast, the relatively non-
specific accumulation of ['¥F]FDG in inflamed and normal tissues often led to reduced lesion contrast and
potential false-positive findings. These findings underscore the potential of [**Ga]Ga-aMSH as a more selective
and reliable PET agent for the detection of metastatic melanoma. To assess the statistically significant difference
of radiotracer uptake between tumor and non-tumor regions, statistical comparisons were conducted using the
paired t-test. The results demonstrated that the uptake of [*#*Ga]Ga-aMSH in tumor regions was significantly
higher than in the non-tumor areas. Specifically, the SUV,___lesion-to-SUV,__. liver ratio was assessed as a
differentiation index, and the differences were statistically significant at both 60- and 120-min post-injection
(p<0.005).

Radiation dose estimates and dosimetry

Table 3 summarizes the organ-specific absorbed radiation doses following the administration of [%Ga]Ga-
CCZ01048. Dosimetry analysis revealed that the highest radiation burden occurred in the kidneys, consistent
with the renal excretion pathway of the tracer. The estimated effective doses remained well within established
diagnostic reference levels, supporting the feasibility of repeated imaging when clinically indicated. Additionally,
the calculated cumulative activity values confirmed the tracer’s efficient clearance, thereby minimizing concerns
regarding prolonged radiation exposure. Overall, these findings affirm the favorable dosimetric profile and
clinical safety of [**Ga]Ga-CCZ01048 for use in serial PET imaging studies.

Safety and adverse events

The radiopharmaceutical was well tolerated, with no serious adverse events reported during the study.
Comprehensive safety monitoring, including laboratory tests, vital sign assessments, and electrocardiographic
evaluations, revealed no clinically significant abnormalities in any participant.

Mild and transient side effects, such as headache and nausea, were observed in a small subset of patients;
however, these were considered unlikely to be related to the radiopharmaceutical administration. Overall, the
favorable safety profile supports the feasibility of further clinical development and broader application of [**Ga]
Ga-CCZ01048 in patients with metastatic melanoma.
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Fig. 5. PET/CT images of a 63-year-old female patient with histologically confirmed stage IV metastatic
melanoma. The patient was referred for evaluation of suspected disease progression. (A) Image acquired at

60 min post-injection of [®*Ga]Ga-CCZ01048; (B) image acquired at 120 min post-injection. The scan revealed
widespread metastatic involvement, including the brain, lungs, stomach, lymph nodes, and subcutaneous
tissues. Notable findings include a hypermetabolic lesion near the fourth ventricle, multiple pulmonary
metastases, focal gastric wall thickening along the greater curvature, extensive lymphadenopathy in the left
iliac chain, and tumor nodules in the subcutaneous fat of the foot.

SUV... 'II:;:‘lil:l‘ SUV_ . iver SUV_
Organ ['8F]FDG | [®3*Ga]Ga-CCZ01048 | ['*F]FDG | [*®Ga]Ga-CCZ01048
Liver 7.5+1.1 1.57+0.28 2.8 7.3
Lung 2.3+0.29 | 0.88+0.15 32 58
Brain 6.5+0.73 | 0.05+£0.02 2.5 4.1
Muscle 29+0.21 |0.64%0.16 3.1 8.5
Kidney 11.2+1.3 |5.19+0.85 - -
Mean+SD | 6.1+3.6 1.7+2.0 29403 6.4+1.9

Table 2. Comparison of mean SUV,___values in selected organs and tumor-to-liver SUV_ . ratios at 60-min
post-injection of [*Ga]Ga-CCZ01048 and ['®F]FDG.

Discussion

Melanoma is a highly aggressive malignancy and remains among the leading causes of cancer-related mortality
worldwide. Early and accurate detection is critical for improving patient outcomes, particularly prior to the
development of widespread metastases. PET has emerged as a pivotal imaging modality in this context, owing to
its ability to noninvasively detect metabolically or receptor-active tumor lesions with high sensitivity. This study
investigates [%Ga]Ga-CCZ01048, a novel PET radiopharmaceutical targeting MC1Rs, which are overexpressed
in melanoma cells.

A prior first-in-human study by Yang et al. evaluated a different %3Ga-labeled a-MSH analogue and
demonstrated promising uptake and dosimetric characteristics®*. While their findings confirmed the feasibility
of MC1R-targeted PET imaging, our study expands this work by evaluating [®*Ga]Ga-CCZ01048, a compound
with improved pharmacokinetic properties and high receptor affinity. Notably, this is the first clinical study
to conduct a direct intra-patient comparison with ['®F]FDG, the current standard of care, thereby enabling a
comprehensive evaluation of tumor-to-background contrast.

['8F]FDG PET/CT remains the most widely utilized modality for melanoma imaging, primarily targeting
glucose metabolism*. However, a key limitation of FDG lies in its non-specific uptake, particularly in
inflammatory or immune-activated tissues, which often results in false-positive findings and subsequent
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Organ
Patientno | Brain | Stomach | Heart | Kidneys | Liver | Lungs
1 0.0018 | 0.0050 0.0762 | 0.0820 0.0239 | 0.0219
2 0.0013 | 0.0043 0.0644 | 0.0846 0.0239 | 0.0193
3 0.0007 | 0.0036 0.0661 | 0.0878 0.0174 | 0.0207
4 0.0008 | 0.0053 0.0544 | 0.0903 0.0256 | 0.0114
5 0.0011 | 0.0039 0.0622 | 0.1016 0.0343 | 0.0177
6 0.0030 | 0.0046 0.0798 | 0.1156 0.0247 | 0.0220
7 0.0005 | 0.0029 0.0548 | 0.0861 0.0270 | 0.0156
8 0.0005 | 0.0041 0.0437 | 0.0562 0.0265 | 0.0153
9 0.0003 | 0.0035 0.0352 | 0.0644 0.0210 | 0.0111
10 0.0013 | 0.0067 0.0746 | 0.0560 0.0268 | 0.0252
11 0.0016 | 0.0085 0.0699 | 0.2176 0.0264 | 0.0170
Mean 0.0012 | 0.0048 0.0619 | 0.0945 0.0252 | 0.0179

Table 3. Radiation absorbed dose (mSv/MBq) to selected organs in individual patients after injection of [3Ga]
Ga-CCZ01048. The final row represents the mean dose across all subjects.

absorbed dose (mSv/MBq)

Organ 1SE-FDG | '8F-P3BZA | [**Ga]Ga-DOTATATE | [*Ga]Ga-CCZ01048
Brain 0.038 0.0147 0.0099 0.0012

Stomach 0.011 0.0219 0.0138 0.0048

Heart 0.067 0.0166 0.0123 0.0619

Kidneys 0.017 0.0218 0.0921 0.0945

Liver 0.021 0.0407 0.0450 0.0252

Lungs 0.02 0.0121 0.0115 0.0179

References | 2 2 3 This study

Table 4. Comparative organ-specific absorbed dose estimates for [®*Ga]Ga-CCZ01048, [**F]FDG, ['*F]
P3BZA, and [*Ga]Ga-DOTATATE.

diagnostic uncertainty. Moreover, its effectiveness may be compromised in melanoma subtypes with low metabolic
activity, where tumor visualization becomes challenging. In contrast, [®*Ga]Ga-CCZ01048 selectively targets
MCIRs, significantly enhancing tumor specificity and minimizing uptake in non-target tissues. This receptor-
based targeting translated into markedly higher tumor-to-liver uptake ratios (Table 2), thereby improving lesion
contrast and detectability, especially in metastatic settings where ['®F]FDG may yield suboptimal performance.

Quantitative image analysis demonstrated that [%¥Ga] Ga-CCZ01048 exhibits greater sensitivity and specificity
than ["F]FDG, driven by more favorable biodistribution characteristics. Specifically, the mean SUV__ in
normal tissues was substantially lower for [%Ga]Ga-CCZ01048 (1.7) compared to ['®F]FDG (6.1), while the
tumor-to-liver SUV_  ratio was significantly higher (6.4 vs. 2.9), yielding improved tumor-to-background
contrast. Notably, [&Ga]Ga CCZ01048 exhibited minimal physiological uptake in the brain (SUV__ =0.05),
compared to the high FDG uptake in cerebral tissue (SUV__=6.5), underscoring its suitability for detecting
brain metastases. Additionally, its reduced uptake in muscle and lung tissues further enhances the signal-to-
noise ratio for detecting metastatic lesions in these areas. Collectively, these results confirm the diagnostic
superiority of [**Ga]Ga-CCZ01048, particularly in clinical contexts where [**F][FDG’s physiological uptake may
obscure tumor visualization.

Another promising melanoma-specific PET tracer, '8F-P3BZA, targets melanin, a characteristic pigment in
melanomas®*. Prior studies have shown that '8F-P3BZA exhibits high tumor affinity and selectivity, making it
a viable alternative to ['*F]FDG. However, our comparative analysis revealed indicates that '®F-P3BZA has a
notable physiological uptake in the liver and stomach, potentially affecting diagnostic clarity. In contrast, [**Ga]
Ga-CCZ01048 exhibited a more favorable biodistribution with reduced hepatic accumulation, which may be
beneficial in cases where liver metastases are suspected.

Table 4 presents a comparative overview of the organ-specific absorbed doses for [#*Ga]Ga-CCZ01048, ['F]
FDG, ¥F-P3BZA, and [**Ga]Ga-DOTATATE. The absorbed doses for major organs are similar across all tracers,
suggesting comparable safety profiles. However, one notable advantage of fluorine-18-based tracers is their
lower positron range compared to gallium-68, leading to better spatial resolution. Although gallium-68 has a
higher positron yield, its more extended positron range can result in reduced imaging resolution, particularly for
detecting small lesions. This factor may be a limitation for [®Ga]Ga-CCZ01048 compared to '8F-based tracers
like '8F-P3BZA.

A notable practical advantage of [®*Ga]Ga-CCZ01048 is its production via ®*Ge/%*Ga generators enabling
on-site synthesis without the need for a cyclotron, unlike *F-based radiotracers. This logistical advantage makes
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gallium-68-labeled compounds particularly useful in centers without direct access to fluorine-18 production
facilities. Additionally, the rapid systemic clearance of [%¥Ga]Ga-CCZ01048 reduces radiation exposure and
allows for repeat imaging when necessary, which further underscores its suitability for routine clinical use®.

Although the renal absorbed dose for [*Ga]Ga-CCZ01048 (0.0945 mSv/MBq) exceeds that of ['®F]FDG
(0.017 mSv/MBq), this difference remains clinically acceptable and does not pose a limitation for diagnostic
use, as evidenced by the routine application of other %Ga-labeled agents*%. Importantly, the renal dose is only
marginally higher than that of [%Ga]Ga-DOTATATE (0.0921 mSv/MBq), a tracer approved by the FDA in 2016,
underscoring its safety profile within established clinical thresholds?’. A key advantage of [*3Ga]Ga-CCZ01048
over FDG PET is its superior tumor-to-background contrast, particularly in tissues where high physiological
FDG uptake can obscure lesion detection. Its higher tumor-to-liver SUV__ ratio (6.4 vs. 2.9 for ['8F]FDG)
enhances lesion detectability, particularly in the liver, muscle, and brain, where the non-specific uptake of ['®F]
FDG may compromise imaging accuracy. Additionally, studies indicate that %Ga -labeled tracers generally have
a favorable safety profile and acceptable dosimetry compared to other PET tracers. Despite the higher renal dose,
this is not a limiting factor due to the diagnostic nature of the study and the well-established clinical use of ®*Ga
-based tracers such as DOTATATE. Therefore, [**Ga]Ga-CCZ01048 presents a valuable alternative to FDG PET,
offering improved imaging contrast and enhanced lesion detectability in specific clinical applications.

Our findings suggest that [®Ga]Ga-CCZ01048 is a promising PET radiotracer for melanoma imaging,
offering advantages over ['*F]JFDG and complementing the capabilities of *F-P3BZA. While [¥F]FDG
remains the standard for metabolic imaging, receptor-targeted approaches such as [¥Ga]Ga-CCZ01048
provide enhanced specificity, particularly in patients undergoing immunotherapy or in cases of low-metabolic-
activity tumors. Further studies with larger patient cohorts are necessary to validate these findings and explore
potential theranostic applications by pairing [*Ga]Ga-CCZ01048 with therapeutic isotopes like 7’Lu*’. These
advancements could pave the way for more personalized melanoma diagnostics and treatment strategies,
ultimately improving patient management and clinical outcomes.

Conclusion

This first-in-human evaluation of [®Ga]Ga-CCZ01048 demonstrates its clinical feasibility and diagnostic
potential as a PET radiopharmaceutical for metastatic melanoma. The agent exhibited high tumor specificity,
rapid systemic clearance, and an acceptable dosimetric profile, supporting its safe and effective use in clinical
imaging protocols. By addressing key limitations of ['®F]FDG, [8Ga]Ga-CCZ01048 provides a more targeted
and informative alternative, particularly in patients undergoing immunotherapy or with low-metabolism
tumors. Additionally, its physicochemical and biological characteristics make it a strong candidate for
theranostic applications, potentially enabling pairing with therapeutic isotopes such as 17’Lu for personalized
management of melanoma. These promising findings warrant further validation in larger clinical cohorts to
support regulatory advancement and widespread adoption in oncological nuclear medicine.

Data availability
"The datasets used and/or analyzed during the current study are available from the corresponding author, H.
Yousefnia (hyousefnia@aeoi.org.ir), on reasonable request."
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