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Abstract Peptide receptor radionuclide therapy (PRRT) with radiolabeled SSTR2 agonists is a treat-

ment option that is highly effective in controlling metastatic and progressive neuroendocrine tumors

(NETs). Previous studies have shown that an SSTR2 agonist combined with albumin binding moiety

Evans blue (denoted as 177Lu-EB-TATE) is characterized by a higher tumor uptake and residence time

in preclinical models and in patients with metastatic NETs. This study aimed to enhance the in vivo sta-

bility, pharmacokinetics, and pharmacodynamics of 177Lu-EB-TATE by replacing the maleimide-thiol

group with a polyethylene glycol chain, resulting in a novel EB conjugated SSTR2-targeting radiophar-

maceutical, 177Lu-LNC1010, for PRRT. In preclinical studies, 177Lu-LNC1010 exhibited good stability

and SSTR2-binding affinity in AR42J tumor cells and enhanced uptake and prolonged retention

in AR42J tumor xenografts. Thereafter, we presented the first-in-human dose escalation study of
177Lu-LNC1010 in patients with advanced/metastatic NETs. 177Lu-LNC1010 was well-tolerated by all

patients, with minor adverse effects, and exhibited significant uptake and prolonged retention in tumor

lesions, with higher tumor radiation doses than those of 177Lu-EB-TATE. Preliminary PRRT efficacy re-

sults showed an 83% disease control rate and a 42% overall response rate after two 177Lu-LNC1010 treat-

ment cycles. These encouraging findings warrant further investigations through multicenter, prospective,

and randomized controlled trials.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Neuroendocrine tumors (NETs) frequently demonstrate elevated
levels of somatostatin receptor (SSTR) expression, with a pre-
dominance of subtype 2 (SSTR2), allowing for imaging and
peptide receptor radionuclide therapy (PRRT) utilizing diolabeled
somatostatin analogs (SSAs)1e4. Recently, the efficacy and safety
of the peptide-based radiopharmaceutical, 177Lu-DOTATATE
(Lutathera), were demonstrated in the randomized controlled trial
NETTER-1 involving patients with well-differentiated metastatic
or locally advanced midgut NETs, leading to regulatory approval
by the European Medicines Agency and US Food and Drug
Administration3.

A possible downside of 177Lu-DOTATATE is its swift blood
clearance, resulting in relatively short tumor retention. Evans blue
(EB) is a promising albumin-binding component with a strong
affinity for serum albumin binding site 1, enabling prolonged
circulation of targeting molecules conjugated with EB de-
rivatives5,6. The SSTR2 agonist, DOTATATE, has been conjugated
with truncated EB (EB-TATE) and radiolabeled with 177Lu for use
as a long-lasting radiolabeled SSA (177Lu-EB-TATE) for PRRT.
Preclinical studies have shown that 177Lu-EB-TATE exhibits a
4-fold higher tumor-absorbed dose and greater anti-tumor efficacy
than that of 177Lu-DOTATATE6,7. Preliminary clinical studies also
indicated a 7.9-fold higher tumor-absorbed dose than that of
177Lu-DOTATATE8. Notably, patients in the high-dose group (3.7
GBq/cycle) tended to demonstrate a reduced disease control rate
(DCR) after multiple treatment cycles than those in the median-
dose group (2.2 GBq/cycle)9. When devising radiation therapy
plans, dose escalation is deemed as a passive strategy to enhance
tumor treatment effectiveness. However, optimizing drug phar-
macokinetics is fundamental for reducing the frequency of in-
jections, increasing the absorbed dose in target lesions, and
enhancing the overall effectiveness of drug therapy.

Maleimides, as intermediates between EB and SSAs, are
combined with reactive thiol compound groups using Michael-
type addition owing to their unique selectivity, mild reaction
conditions, and rapid reaction kinetics10. However, maleimides
often form unstable thiosuccinimide bonds in physiological set-
tings, particularly in the presence of compounds with thiol groups.
This instability is potentially due to elimination reactions that
occur through thiol-disulfide exchange with endogenous thiols,
such as glutathione (GSH) and albumin11, which can lead to
suboptimal pharmacodynamic, pharmacokinetic, and safety
characteristics.

Evidence suggests a payload release rate from structures
containing thiosuccinimide in plasma that varies between 50% and
75% over a period of 7e14 days10. As carcinoma cells exhibit
elevated GSH levels, exceeding those of normal cells over 1000
times12, the high sensitivity of maleimide-thiol groups to GSH and
albumin thiols may potentially affect 177Lu-EB-TATE uptake and
retention in tumors. Therefore, the unresolved drawbacks of
177Lu-EB-TATE remain a barrier to optimization.

Conjugation with polyethylene glycol (PEG) is a commonly
employed method to enhance the pharmacokinetic properties of
targeting molecules. In recent studies, several Evans blue deriv-
atized compounds (e.g., EB-PSMA and EB-FAPI) were success-
fully modified by replacing the maleimide-thiol linker with a
polyethylene glycol (PEG) chain. This modification strategy led to
the development of radiopharmaceuticals that demonstrated

http://creativecommons.org/licenses/by-nc-nd/4.0/
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significantly improved tumor uptake and retention in preclinical
studies13,14.

In this study, we developed an optimized EB-modified SSA,
LNC1010, which conjugated the PEG chain through the thiol
group as an alternative intermediate to maleimide for improved
pharmacokinetics and pharmacodynamics. Following preclinical
in vitro and in vivo biological evaluation, we conducted a first-in-
human, dose-escalation study to investigate the safety, tolerability,
pharmacokinetics, dosimetry, and preliminary efficacy of
177Lu-LNC1010 in patients with advanced/metastatic SSTR2-
positive NETs. Moreover, we compared our findings with those
of 177Lu-EB-TATE-based PRRT.

2. Materials and methods

2.1. Patients

This single-center, open-label, non-randomized, first-in-human,
and dose-escalation investigator-initiated trial was conducted at
the First Affiliated Hospital of Xiamen University in Xiamen,
China. This study received Institutional Review Board approval
and complied with the tenets of the Declaration of Helsinki. This
study was registered at ClinicalTrials.gov (registration number:
NCT05410743). The use of 177Lu-LNC1010 was approved by the
hospital’s multidisciplinary tumor board. All enrolled patients
provided written informed consent.

We included patients aged >18 years with histologically
confirmed NETs, unresectable measurable disease, progressive
metastatic disease after SSA and/or post-tyrosine kinase inhibitor
treatment (according to RECIST version 1.119), and who had no
fewer than one lesion demonstrating greater uptake than that of
normal liver tissue at baseline 68Ga-DOTATATE PET/CT. The
criteria for exclusion were a platelet count below 50 � 109/L, a
white-cell count less than 2.0 � 109/L, a total bilirubin level more
than 3 times the upper limit of the normal range, a serum albumin
level below 2.0 g/dL, a hemoglobin level less than 8.0 g/dL, a
serum creatinine level exceeding 150 mmol/L, cardiac insuffi-
ciency including carcinoid heart valve disease, severe allergy or
hypersensitivity to radiographic contrast material, claustrophobia,
and pregnancy or lactation.

2.2. Animal model establishment

All mice experiments were approved by the relevant Animal Care
and Use Committee, and performed in compliance with animal
experimentation related national laws. The right upper limbs of
6-week-old male BALB/c nude mice were subcutaneously injec-
ted with AR42J tumor cells (5 � 106). When the tumor volume
reached about 200e300 mm3, micro-PET imaging, micro-single-
photon emission computerized tomography SPECT imaging, and
biodistribution studies were performed.

2.3. 177Lu-LNC1010 synthesis and radiolabeling

The detailed synthesis process, purification methods, and chemical
characterizations of LNC1010 are shown in the Supporting In-
formation For 177Lu-LNC1010 radiolabeling, 370e740 MBq
177LuCl3 was mixed with LNC1010 (100e200 mg) and diluted
with 0.2 mL of 0.5 mol/L NaOAc (pH Z 5.5) and heated
reaction at 95 �C for 30 min. The specific activity of
177Lu-LNC1010 is about 18.5e37 MBq/nmol. 177Lu-DOTATATE
and 177Lu-EB-TATE were radiolabeled using the same method.
In vivo metabolism studies were performed using 68Ga-LNC1010
and 68Ga-EB-TATE injections, which with the similar specific
activities of 18.5e37 MBq/nmol. After 2 h of the injection, urine
samples were collected for the detection of radio-high-
performance liquid chromatography (HPLC).

2.4. In vitro cell uptake and receptor-binding assays

SSTR2-expressing rat amphicrine pancreatic AR42J cells
were obtained from the American Type Culture Collection and
incubated in F12K medium, which containing 20% fetal bovine
serum (FBS), at 37 �C in 5%CO2. For cellular uptake assays, AR42J
cells were seeded in a 24-well plate at approximately 2 � 105/well
and subsequently incubated with 0.5 mL 37 kBq of 177Lu-LNC1010
(specific activity is 18.5 MBq/nmol) in F12K medium for 10,
30 min, 2, 4, and 24 h at 37 �C. For the blocking assay, unlabeled
LNC1010 (50 mg/mL) was added into the cells as an inhibitor to
identify the targeted specificity. For SSTR2 receptor-binding assays,
4 � 105 AR42J cells were incubated with varying unlabeled
LNC1010 or DOTATATE concentrations (10�5e10�12 mol/L) with
7.4 kBq 177Lu-DOTATATE (specific activity is 18.5 MBq/nmol) for
1 h at 37 �C, and the supernatant was removed at the specific time
points. Then, the cells were washed twice with ice-cold phosphate-
buffered saline (PBS) and finally lysed with NaOH (1 mol/L). The
radioactivity of cell lysates was determined with a g-counter
(Wizard 2480; PerkinElmer Inc., USA). Each experiment was
repeated three times. Binding affinity was calculated using
GraphPad Prism software (USA) by nonlinear regression.

2.5. Validation of the docking method

Before conducting the docking study, preliminary docking cal-
culations were executed utilizing the original substrates found in
the crystal structures (PDB ID: 7XNA and 2BXC) to assess the
efficacy of the docking and scoring methodologies. The substrates,
namely TATE and phenylbutazone, were subjected to docking
simulations within the binding sites of somatostatin receptor
(SSTR) and human serum albumin (HSA) employing GLIDE.
Subsequent to these simulations, PymoL was employed to align
the docked poses with their respective initial poses for both
compounds, resulting in calculated Root Mean Square Deviation
(RMSD) values of 1.036 and 1.517 for TATE and phenylbutazone,
respectively. This analysis collectively underscores the versatility
of our docking methods, thereby affirming their applicability as
robust models in further docking study.

2.6. In vivo evaluation of 68Ga-LNC1010 and 177Lu-LNC1010

For micro-PET imaging, approximately 7.4 MBq 68Ga-LNC1010,
68Ga-EB-TATE, or 68Ga-DOTATATE (specific activities of these
three radiotracers are 37 MBq/nmol) was injected into the AR42J
tumor model for 10-min static PET imaging, about 0.2 nmol
precursors mass were injected into mice. At 0.5, 2, and 4 h, the
mice were anesthetized with 2% isoflurane and placed on a micro-
PET/CT scanner (Inveon; Siemens Medical Solutions, USA) for
imaging acquisition. Blocking assays were performed by inject-
ing 50-fold excess unlabeled LNC1010 while administering
68Ga-DOTATATE. For SPECT/CT imaging, approximately
18.5 MBq of 177Lu-LNC1010 (37 MBq/nmol) or 177Lu-EB-TATE
(37 MBq/nmol) was injected intravenously into the AR42J tumor
mice, about 0.5 nmol precursors mass were injected into mice.

http://ClinicalTrials.gov
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Whole-body SPECT/CT images were acquired using the nano-
Scan scanner (Mediso Ltd., Hungary) at 1, 4, 24, 48, 72, and 96 h
post-injection. The acquisition parameters of SPECT/CT were as
follows: energy peaks for 177Lu are 56.1, 112.9, and 208.4 keV;
window width is 20%; matrix is 256 � 256; frames are 48. The
duration of SPECT image acquisition was about 30 min, and the
same mouse was utilized for all time points. For the bio-
distribution study, AR42J tumor mice were intravenously
injected with 1.48 MBq (specific activities are 18.5 MBq/nmol) of
177Lu-LNC1010, 177Lu-EB-TATE, or 177Lu-DOTATATE, respec-
tively, about 0.08 nmol precursors mass were injected into
mice. The mice were then sacrificed at different time points
(n Z 3/group), the interested organs and tumor tissues were
collected and weighed. Radioactivities of these tissues were
detected using the g-counter (Wizard 2480; PerkinElmer Inc.,
USA), and the biodistribution results were quantitatively repre-
sented with the percentage of injected dose per gram (%ID/g).

2.7. 177Lu-LNC1010 clinical trials in NETs

The study employed a classic 3 þ 3 dose-escalation design
with an 8-week interval. Patients were randomly assigned to the
different dosage groups based on the order of enrollment.
Based on previous EB-derivative study15, the starting dose of
177Lu-LNC1010 investigated was 2.22 GBq (60 mCi). Subsequent
groups received a dose that was increased by 50% increments until
dose-limiting toxicity (DLT) was observed. Initially, the first
dosage group consisted of three patients (2.22 GBq per cycle). If
none of the patients in a group experienced DLT, an additional trio
of patients would be enrolled to receive the next elevated dosage
level. Should one out of the three patients at any given
dosage level experience DLT, a further three patients were
recruited to receive the same dosage level. The peak dosage,
where no more than one patient out of six exhibited DLT, was
deemed the maximum tolerated dosage. DLT was defined as any
177Lu-LNC1010-related adverse event (AE) �G3 in accordance
with the National Cancer Institute Common Terminology Criteria
for Adverse Events, version 5.0. For comparison, PRRT with
177Lu-EB-TATE was performed in three patients with a fixed dose
(3.33 GBq of 177Lu-EB-TATE) according to previous research 16.

2.8. Scintigraphy and SPECT/CT imaging

No special preparatory measures were needed on the day of
177Lu-LNC1010 administration. The 177Lu-LNC1010 was diluted
with 100 mL of 0.9% saline and slowly administered intrave-
nously over a period of 20e30 min. Patients were closely moni-
tored for any symptoms and vital signs throughout the process.
The treatment regimen was designed for two cycles, with an
eight-week interval between cycles.

177Lu-LNC1010 kinetics were determined based on planar
scintigraphic whole-body scans (WBS) (anterior/posterior) at 1, 4 h,
1, 2, 3, 4, and 7 day after radiopharmaceutical administration. An
additional whole-body SPECT/CT scan was performed on each
patient on Day 3 following administration. Image acquisition was
conducted using a double-head g-camera (Symbia T16; Siemens
Medical Solutions, Malvern, PA, USA) equipped with a low-energy,
high-resolution parallel-hole collimator at the First Affiliated Hos-
pital of Xiamen University. The settings for the acquisition pa-
rameters were as follows: an energy window of 15% centered on a
peak value of 208 keV; the scanning speed for whole-body imaging
was set to 10 cm/min, with each frame having an exposure time of
20 s, resulting in a total of 32 frames. Specific scanning parameters
are described in the Supporting Information.

2.9. Dosimetry calculation

The dosimetry for each patient was estimated in the first treatment
cycle using a previously published procedure17e19. The patients
were instructed to hold their urine before the initial scan. There-
fore, the total-body counts measured during the first whole-body
scan were defined as 100% of the administered activity. Regions
of interest were manually delineated on the acquired scintigraphic
images by a physicist in collaboration with a nuclear medicine
physician, selecting lesions with the highest uptake suitable for
dosimetry. Analysis was performed using the Hermes system
(Hermes Medical Solutions, Stockholm, Sweden). SPECT/CT
scans were reconstructed and quantified using Hermes standard-
ized uptake value (SUV) SPECT software, and mean absorbed
doses in organs and tumors were estimated with the built-in
OLINDA/EXM 2.1 software. The dosimetry protocol was used
to evaluate parameters such as uptake as a fraction of the
administered activity (%AA), mean absorbed dose in unaffected
organs (mSv/MBq), tumor-absorbed dose (Gy/GBq), effective
half-life (h), and residence time (h).

2.10. Safety

During and after the treatment, patients were hospitalized for at
least 3e5 days to monitor and record potential side effects such as
pain, nausea, vomiting, and dyspnea. Structured questionnaires
were employed to detect any complications that emerged later on.
Hematologic, renal, and liver function tests were performed before
administration of 177Lu-LNC1010 and every 2 weeks thereafter.
All treatment-related AEs were documented in accordance with
the National Cancer Institute’s Common Terminology Criteria for
Adverse Events, version 5.0.

2.11. Response assessment

The anti-tumor response to 177Lu-LNC1010 was monitored every
8 weeks following each treatment cycle using functional imaging
modalities, which included 68Ga-DOTATATE PET/CT and
contrast-enhanced CT/MR. Tumor responses were categorized
according to RECIST 1.1 criteria, and the overall response rate
(ORR) as well as the disease control rate (DCR) were evaluated.

2.12. Statistics analyses

Data statistical analyses were performed using SPSS (IBM SPSS
Statistics for Windows, version 21.0; Armonk, NY, USA) and
GraphPad Prism software. Quantitative data are presented as
mean � standard deviation (SD). The mean values were compared
using a ManneWhitney U test. Data that were not normally
distributed are reported as the median along with the interquartile
range. Statistical significance was determined at P < 0.05.

3. Results

3.1. LNC1010 synthesis and radiolabeling

The chemical structures of 177Lu/68Ga-LNC1010 and 177Lu/68Ga-
EB-TATE are shown in Fig. 1. The synthesis route of LNC1010 is



Figure 1 (A) Chemical structures of 177Lu/68Ga-LNC1010 and 177Lu/68Ga-EB-TATE. (B) Cellular uptake assay with 177Lu-LNC1010 and

blocking experiment with unlabeled LNC1010 in AR42J tumor cells; competition-binding assays with LNC1010 (IC50 Z 20.65 � 6.02 nmol/L)

and DOTATATE (IC50 Z 11.49 � 1.58 nmol/L). (C) Predicted binding mode of EB-TATE and LNC1010 with SSTR (PDB ID: 7XNA. Yellow

dashed lines indicated in this figure are hydrogen bonds). (D) Predicted binding mode of EB-TATE and LNC1010 with HSA (PDB ID: 2BXC).
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shown in Supporting Information Fig. S1. LNC1010 and its inter-
mediate products underwent characterization using mass spec-
trometry and HPLC (Supporting Information Figs. S2eS6). As
shown in Supporting Information Fig. S7A, 68Ga-LNC1010
remained mostly stable (>99%) after 2-h incubation in saline, GSH
solution, and urine. Conversely, the radiochemical purity of 68Ga-
EB-TATE significantly decreased, with several new peaks emerging
after 2-h incubation inGSHsolution and urine (Fig. S7B), indicating
68Ga-EB-TATE instability in GSH solution and in vivo.

3.2. Cellular uptake and binding affinity assays

AR42J cell uptake of 177Lu-LNC1010 gradually increased over time,
peaking at 24 h (36.96 � 1.60%). Significant radioligand uptake in-
hibition was observed following 50 mg/mL unlabeled LNC1010
application (3.37 � 0.17%; 90.88% reduction), confirming specific
binding to SSTR2 (Fig. 1B). The ligand concentration required for
50% inhibition (IC50) values of LNC1010 and DOTATATE were
similar (20.65 � 6.02 vs. 11.49 � 1.58 nmol/L), suggesting compa-
rable receptor-binding affinity for SSTR2 (Fig. 1C) and negligibleEB
modification strategy-related effects on SSTR2 binding affinity.

3.3. Docking study

Molecular docking was applied to predict the potential binding
mode of EB-TATE and LNC1010. As shown in Fig. 1C, predicted
conformations of EB-TATE (docking score: �9.463) and
LNC1010 (docking score: �8.759) were well docked into the
binding site of SSTR, and formulated numerous hydrogen bonds
with surrounding residues which demonstrated the reasonableness
of our radioligand design. Next, we have simulated the potential
binding modes of two compounds with albumin. Since Evans blue
(EB) was reported to binding in the HSA binding site 1, we have
chosen site 1 as the potential binding site to carry out the docking
study. As a result, EB-TATE and LNC1010 exhibited favorable
binding poses, with docking scores of �9.103 and �7.093
respectively (Fig. 1D).

3.4. In vivo evaluation of 68Ga-LNC1010 and 177Lu-LNC1010

Representative static microPET images of AR42J tumor xeno-
grafts are shown in Fig. 2AeC. 68Ga-LNC1010 tumor uptake was
significantly higher than that of 68Ga-EB-TATE at 2 h
(16.08 � 1.26 vs. 8.67 � 1.46% ID/g, P Z 0.003) and 4 h post
injection (22.42 � 1.28 vs. 12.25 � 1.52 %ID/g, P < 0.001)
(Fig. 2A and B), while 68Ga-DOTATATE tumor uptake was
7.33 � 1.91 and 6.67 � 1.94% ID/g at 2 and 4 h post injection,
respectively (Fig. 2C). The tumor to muscle (9.81 � 0.32) and
tumor to kidney ratios (2.02 � 0.23) of 68Ga-LNC1010 were
higher than 68Ga-EB-TATE (5.39 � 0.97 and 1.16 � 0.19,
respectively) at 4 h post injection. The blocking assay demon-
strated significant inhibition of tumor uptake by unlabeled



Figure 2 Micro-PET imaging and quantitative tissue uptake of 68Ga-LNC1010 (A), 68Ga-EB-TATE (B) and 68Ga-DOTATATE (C) in AR42J

tumor-bearing mice at 0.5, 2, and 4 h post injection (three mice/group). SPECT/CT images of 177Lu-LNC1010 (D) and 177Lu-EB-TATE (F) in

AR42J tumor-bearing mice at 1, 4, 24, 48, 72, and 96 h post injection (three mice/group). Ex vivo biodistribution of 177Lu-LNC1010 (E) and
177Lu-EB-TATE (G) in AR42J tumor-bearing mice at different time points. MIP: maximum-intensity-projection.
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LNC1010 in the AR42J tumor-bearing mice (Supporting
Information Fig. S8A and S8B). 68Ga-DOTATATE tumor uptake
decreased from 7.33 � 1.91 to 0.37 � 0.17%ID/g (approximately
95%) at 2 h post injection after blocking with 50-fold excess
LNC1010 (Fig. S8C and S8D).

Representative SPECT/CT images of the AR42J tumor
mice are shown in Fig. 2DeF. Substantial 177Lu-LNC1010
tumor uptake was observed at 1 h post injection. Blood uptake of
177Lu-LNC1010 gradually decreased to baseline levels at 24 h
post tracer injection, whereas tumor uptake increased in a time-
dependent manner and remained high until 96 h post injection.
177Lu-LNC1010 uptake in the kidneys gradually decreased and
was significantly lower than that in the tumor at all time points
(Supporting Information Fig. S9A). High tumor-to-blood
(45.78 � 6.44), tumor-to-liver (25.92 � 9.38), tumor-to-kidney
(18.76 � 2.13), and tumor-to-muscle (129.66 � 16.82)
uptake ratios were observed at 96 h post-injection (Fig. S9C).
SPECT/CT images exhibited lower 177Lu-EB-TATE tumor
uptake (77.86 � 5.04 vs. 159.67 � 40.11, P Z 0.02) at 96 h post-
injection than that of 177Lu-LNC1010 (Fig. 2D and F; Fig. S9A
and S9B). 177Lu-EB-TATE exhibited lower tumor-to-blood
(17.93 � 2.00), tumor-to-liver (7.53 � 1.24), tumor-to-kidney
(8.88 � 0.95), and tumor-to-muscle (45.08 � 5.23) uptake ratios
at 96 h post injection than those of 177Lu-LNC1010 (Fig. S9C and
S9D).

3.5. Biodistribution study

Tumor uptake of 177Lu-LNC1010 gradually increased and peaked
at 72 h post injection (126.44 � 16.01 %ID/g), maintaining a high
level even at 96 h post injection (95.28 � 17.43 %ID/g). Tumor
uptake was considerably greater than uptake in the unaffected
organs, including the kidneys (12.84 � 5.25 %ID/g), spleen
(5.56 � 1.14 %ID/g), and liver (6.30 � 1.36 %ID/g) (Fig. 2E). In
contrast, 177Lu-EB-TATE tumor uptake was lower than that of
177Lu-LNC1010 (37.28 � 9.50 vs. 95.28 � 17.43 %ID/g,
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PZ 0.005) at 96 h post-injection (Fig. 2EeG). 177Lu-DOTATATE
tumor uptake was relatively low (9.19 � 2.16 %ID/g) at 48 h post-
injection, with the highest tumor uptake of 15.49 � 6.48 %ID/g at
4 h post injection (Supporting Information Fig. S10). Overall,
these preclinical results suggested that 177Lu-LNC1010 may be
superior to 177Lu-DOTATATE and 177Lu-EB-TATE for PRRT in
SSTR2-positive NETs, due to its high tumor uptake and high
stability in vivo.
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3.6. Patients

In total, 12 patients with metastatic NETs (median age, 55 years;
range, 37e66 years) were enrolled in this study. The patients’
characteristics are summarized in Table 1. Patients underwent two
177Lu-LNC1010 PRRT cycles, with three patients receiving 2.22
GBq/cycle (Group A), six receiving 3.33 GBq/cycle (Group B),
and three receiving 4.99 GBq/cycle (Group C). Three other pa-
tients were treated with 177Lu-EB-TATE at a fixed dose of 3.33
GBq/cycle (Group D) for comparison. The most frequent primary
site of the tumor was the pancreas (40%, 6/15). All patients
had metastatic tumors, most commonly in the lymph nodes (80%,
12/15), bone (67%, 10/15), and liver (60%, 9/15). Eight (53%)
were categorized as intermediate (Grade 2), six (40%) as low
(Grade 1), and one (7%) as high (Grade 3) NETs, respectively.
The flowchart of the study design is shown in Fig. 3.
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3.7. Safety and toxicity

The hematologic toxicity grades are outlined in Table 2. Subacute
hematologic toxicity related to 177Lu-LNC1010 was observed in
83% patients (10/12) during the observation period, with the
majority of AEs being G1 or G2 (7/12, 58%). G3/G4 hematologic
toxicity was observed in three patients (3/12, 25%). In Group A,
Patient 2 experienced G2 granulocytopenia following the second
PRRT cycle, while Patient 3 exhibited G1/G2 granulocytopenia,
leukopenia, and thrombocytopenia after two treatment cycles. In
Group B, Patient 4 experienced G3 leukopenia and G4 thrombo-
cytopenia 4 weeks after the second 177Lu-LNC1010 administra-
tion, leading to the enrollment of three additional patients in this
group (Patients 7e9), none of whom developed G3/G4 hemato-
logic AEs. In Group C, Patients 10 and 12 experienced G3/G4
hemoglobinemia and G4 thrombocytopenia, preventing further
dose escalation. For these two patients, the hematologic toxicity
began 4e6 weeks after the second 177Lu-LNC1010 administration
and persisted for 6e10 weeks. Non-hematologic AEs related to
177Lu-LNC1010 occurred in 33% of patients (4/12) and consisted
of G1 abdominal pain (2/12, 17%), G1 vomiting (1/12, 8%), and
G2 asthenia (1/12, 8%). These AEs mostly resolved before the
next treatment cycle. Further details are presented in Supporting
Information Table S1. Therefore, an identified therapeutic dose
of 3.33 GBq/cycle was identified for future clinical trials based on
these findings.

To ascertain the correlation between the cumulative red bone
marrow dose (RMD) estimated for two therapeutic cycles and the
rate of hematological toxicity, G3/G4 thrombocytopenia served as
the endpoint for toxicity. Altogether, 75% (3 out of 4) of the pa-
tients who were subjected to more than 1.5 Gy of marrow doses
experienced G3/G4 thrombocytopenia, leukopenia, and neu-
tropenia subsequent to two cycles of 177Lu-LNC1010 treatment
(Table 2), whereas those treated with <1.2 Gy did not develop any
G3/G4 AEs.



Figure 3 Participant flow chart of the traditional 3 þ 3 dose-escalation study design with 177Lu-LNC1010 and a comparison with
177Lu-EB-TATE. DLT: dose-limiting toxicity; MTD: maximum tolerated dose.
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In Group D, hematotoxicity was observed in all three patients,
including one case with G3 thrombocytopenia 4 weeks after the first
PRRT cycle (resolved before the commencement of the second
cycle) and G3 granulocytosis and thrombocytopenia 4 weeks after
the second cycle. Among the 15 patients who underwent either
177Lu-LNC1010 or 177Lu-EB-TATE PRRT, two patients (LNC1010-
12 and EB-TATE-03) experienced an extended gap between the two
cycles of 3 and 2 weeks, respectively, owing to delayed recovery
from hematologic toxicity (Supporting Information Table S2).

G3 hepatotoxicity was observed in two patients from Groups
C and D (Table 2). No patients experienced nephrotoxicity of
any grade related to 177Lu-LNC1010 or 177Lu-EB-TATE
administration.
3.8. Pharmacokinetics profile

Post-therapeutic planar WBS demonstrated relatively high
177Lu-LNC1010 uptake in the blood pool 1 h post injection, and in
certain tumor lesions 1 h post-injection, becoming more pro-
nounced 4 h post injection. Serial WBS between 24 and 168 h post
injection showed high 177Lu-LNC1010 uptake at all metastasis
sites in all patients (Fig. 4), indicating prolonged intra-tumor
retention activity. In contrast, 177Lu-LNC1010 uptake in
unaffected organs, including the bloodstream, reduced to
baseline levels after 24 h, gradually decreasing over time. Similar
to 177Lu-LNC1010, intense uptake and prolonged retention of
177Lu-EB-TATE in tumor lesions in the serial WBS was observed.
However, 177Lu-EB-TATE uptake in unaffected organs, including
the heart, main blood vessels, and muscles, was higher than that of
177Lu-LNC1010, resulting in a lower tumor-to-baseline ratio at the
various time points (Supporting Information Fig. S11).
3.9. Dosimetry evaluation

Dosimetry was calculated using OLINDA/EXM software based
on SPECT image quantification (Table 3). No significant differ-
ence in whole-body mean effective dose was observed between
177Lu-LNC1010 and 177Lu-EB-TATE (0.23 � 0.06 vs. 0.23 � 0.08
mSv/MBq, P Z 1.00). The spleen had the highest absorbed dose
of 2.53 � 2.13 mSv/MBq and 2.27 � 0.04 mSv/MBq for 177Lu-
LNC1010 and 177Lu-EB-TATE, respectively (P Z 0.93). How-
ever, 177Lu-LNC1010 had somewhat lower absorbed dose in the
kidneys than that of 177Lu-EB-TATE (1.91 � 0.60 vs. 2.47 � 0.48
mSv/MBq, P Z 0.15), whereas 177Lu-LNC1010 had a higher
absorbed dose than that of 177Lu-EB-TATE in the liver
(0.25 � 0.18 vs. 0.07 � 0.00 mSv/MBq, P Z 0.30). Both radio-
pharmaceuticals exhibited similar absorbed radiation doses in the
red bone marrow (0.17 � 0.04 vs. 0.15 � 0.02 mSv/MBq,
P Z 0.30), pancreas (0.20 � 0.03 vs. 0.20 � 0.02 mSv/MBq,
P Z 0.95), and urinary bladder wall (0.32 � 0.08 vs. 0.32 � 0.10
mSv/MBq, P Z 1.00).

The kinetics of 177Lu-LNC1010 and 177Lu-EB-TATE observed
following administration are depicted in Fig. 5. Regarding the
whole-body kinetics, the timeeactivity curves for both agents
declined at a constant rate. The whole-body effective half-life
(105.14 � 12.26 h vs. 111.27 � 7.58 h, P Z 0.57) and resi-
dence time (148.71 � 15.10 h vs. 166.97 � 8.75 h, P Z 0.04) of
177Lu-LNC1010 were slightly shorter than those of 177Lu-EB-
TATE. However, 177Lu-LNC1010 exhibited higher tumor uptake
and a 3.4-fold longer residence time than 177Lu-EB-TATE in the
liver (3.28 � 1.83 vs. 0.96 � 0.16 h, P Z 0.21). Regarding other
major organs, uptake in the heart, spleen, and kidneys were
comparable between the two radiotherapeutic agents. Regarding
the effective half-life and residence time, both radioligands



Table 2 Maximum grade of hematotoxicity possibly, probably, or definitely related to treatment.

Patient Hb toxicity WBC toxicity ANC toxicity PLT toxicity Total

RMD

(Gy)

T1-T2

gap

(weeks)
Before

therapy

After first

PRRT

After second

PRRT

Before therapy After first

PRRT

After

second

PRRT

Before

therapy

After first

PRRT

After

second

PRRT

Before

therapy

After first

PRRT

After second

PRRT

Group A

LNC1010-1 0 0 0 0 0 0 0 0 0 0 0 0 0.99 8

LNC1010-2 0 0 0 0 0 0 0 0 2 0 0 0 0.78 8

LNC1010-3 0 0 0 0 2 2 0 1 1 0 1 2 0.75 8

Group B

LNC1010-4 0 0 2 0 1 3 0 1 2 0 0 4 1.51 8

LNC1010-5 0 0 0 0 0 1 0 0 0 0 0 2 0.64 8

LNC1010-6 0 0 0 0 0 0 0 0 0 0 0 1 0.92 8

LNC1010-7a 0 2 2 0 0 0 0 0 0 0 0 2 0.93 8

LNC1010-8a 2 2 2 0 2 2 0 2 2 0 2 2 1.08 10

LNC1010-9a 0 0 1 0 2 1 0 2 0 0 2 1 0.77 8

Group C

LNC1010-10 2 2 4 0 1 3 0 1 4 0 0 4 2.41 8

LNC1010-11 0 0 0 0 0 0 0 0 0 0 0 0 1.58 8

LNC1010-12 2 3 3 0 2 0 0 1 0 0 3 4 1.96 11

Group D

EB-TATE-1 2 1 1 0 0 1 0 0 0 0 0 1 1.07 8

EB-TATE-2 0 0 0 0 2 0 0 2 0 0 1 0 0.89 8

EB-TATE-3 0 2 2 0 2 2 0 2 3 0 3 3 1.05 10

PLT: platelets; Hb: hemoglobin; WBC: white blood cell; ANC: absolute neutrophil count; RMD: red marrow dose.

Total RMD is the total radiation absorbed dose of red bone marrow administered for all 177Lu-LNC1010, based on dosimetric dose estimates of red bone marrow. aDue to the occurrence of Grade 4

hematological toxicity in Patient LNC1010-4, three additional patients (Patients LNC1010-7, 8, and 9) were enrolled at the same dose level.

T1-T2 gap is normally 8 weeks, but the timing of the second treatment is adjusted appropriately according to the maximum grade of hematologic toxicity after the first treatment.

All related hematologic toxicities of grade 3 or above occurring during the PRRT treatment are displayed in bold.
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Figure 4 Three patients with metastatic NETs received PRRT with different doses of 177Lu-LNC1010 (A: 2.22 GBq; B: 3.33 GBq;

C: 4.99 GBq).68Ga-DOTATATE PET/CT scans (left) were performed for screening before 177Lu-LNC1010-based PRRT, revealing intense

radioactive uptake in metastatic lesions. On post-therapeutic WBS (anterior views) from 1 to 168 h post injection in the three patients (right),
177Lu-LNC1010 exhibited relatively high uptake in the bloodstream at 1 h post injection and significant 177Lu-LNC1010 uptake and retention in

metastatic lesions at 24e168 h post injection, which coincided with pre-therapeutic 68Ga-DOTATATE PET/CT findings.
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exhibited comparable patterns among most major organs,
including the heart, kidneys, spleen, and urinary bladder (Fig. 5).

Regarding the tumor dosimetry, the dosimetry for the liver
and lymph node metastases was analyzed separately, as the majority
of NETs were lymph node and liver metastases. Regarding the
timeeactivity curves, the initial uptake in liver metastases was
comparable between 177Lu-LNC1010 and 177Lu-EB-TATE. How-
ever, 177Lu-LNC1010 showed a swift initial ascent from the first
scan up to 24 h after injection, later decreasing at a slower rate,
whereas 177Lu-EB-TATE declined gradually at all time points. In
lymph node metastases, the initial 177Lu-LNC1010 uptake was
remarkably higher than that of 177Lu-EB-TATE (percentage injec-
ted activity: 12% vs. 4.5%), followed by a slower 177Lu-LNC1010
decline, demonstrating a 1.4-fold longer effective half-life in all
metastatic lesions (P Z 0.04), a slightly higher effective half-life in
liver metastases (144.92 � 30.90 vs. 132.48 � 9.99 h, P Z 0.73),
and a 1.8-fold longer half-life in lymph node metastases
(153.14 � 50.02 vs. 83.78 � 13.53, P Z 0.07) than 177Lu-EB-
TATE. Similarly, 177Lu-LNC1010 tumor residence time was 2.3-,
2.0-, and 2.5-fold longer in lymph node metastases (0.60 � 0.18 h
vs. 0.26 � 0.07 h, P Z 0.01), liver metastases (1.20 � 0.96 h vs.
0.59 � 0.08 h, P Z 0.03), and all metastatic lesions (0.98 � 0.81 h
vs. 0.40 � 0.19 h, P＜0.01) than 177Lu-EB-TATE, respectively.
Moreover, 177Lu-LNC1010 exhibited significantly higher
absorbed doses in metastatic NETs than in unaffected
organs, with 3.0-, 2.7-, and 4.0-fold higher absorbed doses
in all tumor lesions (2.14 � 1.41 Gy/GBq vs. 0.71 � 0.13 Gy/GBq,
P＜0.01), the lymph node (1.69 � 0.64 Gy/GBq vs.
0.62 � 0.06 Gy/GBq, P Z 0.01), and liver metastases
(3.33 � 0.78 Gy/GBq vs. 0.84 � 0.07 Gy/GBq, P＜0.01),
respectively, than 177Lu-EB-TATE (Fig. 6).

3.10. Efficacy

Preliminary anti-tumor efficacy was evaluated 8 weeks after the
second PRRT cycle in accordance with RECIST 1.1. Among the
12 patients treated with 177Lu-LNC1010, partial response was
seen in 5 (42%), stable disease in another 5 (42%), and progres-
sive disease in 2 patients (17%). Representative cases of tumor
responses to 177Lu-LNC1010 are shown in Fig. 7. In addition to



Figure 5 Comparison of biodistribution and dosimetry results for unaffected organs between 177Lu-LNC1010 and 177Lu-EB-TATE: (AeD)

uptakes in percentage administered activity in the total body, heart, kidney, liver, and spleen (%); (E) effective half-life (h); and (F) residence time

(h). Data present as mean � SD. The asterisk (*) indicates a P-value less than 0.05.

Table 3 Estimated absorbed dose after intravenous administration of177Lu-LNC1010 and177Lu-EB-TATE.

Target organ 177Lu-LNC1010 177Lu-EB-TATE

Mean (mSv/MBq) SD (mSv/MBq) Mean (mSv/MBq) SD (mSv/MBq)

Adrenals 0.23 0.05 0.23 0.01

Brain 0.18 0.03 0.19 0.02

Breasts 0.20 0.01 0.20

Esophagus 0.19 0.03 0.20 0.02

Eyes 0.18 0.03 0.19 0.02

Gallbladder wall 0.20 0.03 0.20 0.02

Left colon 0.20 0.03 0.20 0.02

Small intestine 0.19 0.03 0.20 0.02

Stomach wall 0.20 0.03 0.20 0.02

Right colon 0.19 0.03 0.20 0.02

Rectum 0.19 0.03 0.20 0.02

Heart wall 0.58 0.14 0.58 0.02

Kidneys 1.91 0.60 2.47 0.48

Liver 0.25 0.18 0.07 0.00

Lungs 0.19 0.03 0.20 0.02

Ovaries 0.21 0.01 0.21

Pancreas 0.20 0.03 0.20 0.02

Prostate 0.16 0.02 0.19 0.03

Salivary glands 0.18 0.03 0.19 0.02

Red marrow 0.17 0.04 0.15 0.02

Osteogenic cells 0.20 0.02 0.21 0.03

Spleen 2.53 2.13 2.27 0.04

Testes 0.16 0.02 0.19 0.02

Thymus 0.19 0.03 0.20 0.02

Thyroid 0.19 0.03 0.19 0.03

Urinary bladder wall 0.32 0.08 0.32 0.10

Uterus 0.21 0.01 0.21

Total body 0.21 0.03 0.21 0.02

Effective dose 0.23 0.06 0.23 0.08
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Figure 6 Comparison of biodistribution and dosimetry results for metastases between 177Lu-LNC1010 and 177Lu-EB-TATE: (AeC) kinetics of

lymph nodes, liver, and all metastases; (D) effective half-life; (E) residence time of metastases (h); and (F) absorbed dose of metastases. Data

present as mean � SD. The asterisk (*) indicates a P-value less than 0.05. LN: lymph node; mets: metastases.
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tumor size reduction and remission, one patient (Patient 11)
experienced symptomatic relief from hypoglycemia after
177Lu-LNC1010 treatment. The ORR and DCR in patients with
different NET types were 42% (5/12) and 83% (10/12), respec-
tively (Fig. 8).

4. Discussion

In this study, we designed and comprehensively assessed the
biological activity of a second-generation long-acting EB-
Figure 7 Three patients who responded and achieved a partial disease re

male with metastatic pancreatic NET and disease progression after SSA

in primary and metastatic lesions, including the pancreas, liver, lymp
177Lu-LNC1010, follow-up 68Ga-DOTATATE PET/CT showed that the pa

partial response to the disease. (B) A 55-year-old female with metastatic p

Baseline 68Ga-DOTATATE PET/CT revealed intense uptake in metastatic

two treatment cycles using 3.33 GBq of 177Lu-LNC1010, follow-up 68

177Lu-LNC1010 -based PRRT and achieved a partial response to the diseas

(C) A 37-year-old female with metastatic pancreatic NET and disease progr

intense uptake in primary and metastatic lesions, including the pancrea
177Lu-LNC1010, follow-up 68Ga-DOTATATE PET/CT showed that the pa

partial response to the disease. Furthermore, hypoglycemic symptoms res
modified SSA. We designed and developed, 177Lu-LNC1010, in
SSTR2-expressing AR42J tumor cells and xenografts to
determine its safety, pharmacokinetics, dosimetry, and preliminary
efficacy in NETs. Thereafter, we conducted an open-label, non-
randomized, first-in-human, dose escalation study of
177Lu-LNC1010 in patients with metastatic/advanced NETs,
which demonstrated a good safety profile with tolerable side ef-
fects, compared with 177Lu-EB-TATE based PRRT. Moreover, two
177Lu-LNC1010-based PRRT cycles resulted in a 42% ORR and
83% DCR in patients with different NET types, potentially due to
sponse after two 177Lu-LNC1010 treatment cycles. (A) A 65-year-old

therapy. Baseline 68Ga-DOTATATE PET/CT revealed intense uptake

h node, and bone. After two treatment cycles using 3.33 GBq of

tient responded well to 177Lu-LNC1010-based PRRT and achieved a

ancreatic NET and disease progression after surgery and SSA therapy.

lesions, including the pancreas, liver, lymph node, and bone. After

Ga-DOTATATE PET/CT showed that the patient responded well to

e. Furthermore, symptoms of abdominal pain and vomiting improved.

ession after SSA therapy. Baseline 68Ga-DOTATATE PET/CT revealed

s, liver, and spleen. After two treatment cycles using 4.99 GBq of

tient responded well to 177Lu-LNC1010-based PRRT and achieved a

olved. SSA, somatostatin analog.



Figure 8 Change from baseline in the sum of the largest diameter

of target lesions (n Z 12). The patient ID for the LNC1010 group is

noted above each response. PD: progressive disease; SD: stable dis-

ease; PR: partial response.
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high tumor uptake and gradual clearance, leading to an increased
tumor radiation dose.

177Lu-EB-TATE (first generation) was previously designed,
synthesized, and evaluated in patients with well-differentiated
metastatic NETs 6,8,16. The absorbed dose by the tumor from
177Lu-EB-TATE was notably greater than that from 177Lu-
DOTATATE. Interestingly, PRRT with 177Lu-EB-TATE at 0.66
GBq/cycle demonstrated similar therapeutic efficacy to the 177Lu-
DOTA-TATE-treated group, as evidenced by the SUV reduction20.
However, increasing the 177Lu-EB-TATE dose from 1.85 to 3.7
GBq/cycle did not improve ORR and DCR in patients with met-
astatic NETs16. After multiple treatment cycles, patients in the
high-dose group (3.7 GBq/cycle) tended to have reduced DCR
than those in the median-dose group (1.8 GBq/cycle)9. This sug-
gests that excessive radiopharmaceutical doses may not be
effectively absorbed by the tumor lesions and instead may be
retained in the blood circulation and accumulate in unaffected
organs. Therefore, further optimization of the pharmacokinetic
and pharmacodynamic characteristics is crucial to ensure thera-
peutic efficacy while minimizing side effects.

Preclinical evaluation of LNC1010 demonstrated specific
and comparable SSTR2-binding affinity to DOTATATE.
68Ga-LNC1010 exhibited high stability in vivo and high tumor-to-
normal tissue ratios in HPLC and PET image analysis, respec-
tively. SPECT imaging and biodistribution analysis demonstrated
that rapid 177Lu-LNC1010 accumulation in tumor lesions resulted
in longer tumor retention times than that of 177Lu-DOTATATE. As
effective tumor elimination requires a threshold radioactivity
concentration to trigger cancer cell death and shrinkage, the
increased tumor uptake and improved in vivo stability indicate that
177Lu-LNC1010 may be an optimal choice for the treatment
NETs.

These preclinical findings supported first-in-human, dose
escalation using 177Lu-LNC1010 in patients with metastatic
NETs. As expected, 177Lu-LNC1010 exhibited prolonged blood
circulation and a slightly shorter biological half-life than that of
177Lu-EB-TATE in all patients. We observed a whole-body
absorbed dose to 177Lu-LNC1010 of 0.23 � 0.06 mSv/MBq,
which was higher than that of other studies21. The spleen had the
highest absorbed dose (2.53 � 2.13 mSv/MBq), consistent with
other study findings21,22. Although the kidneys are one of the
primary dose-limiting organs in PRRT23, no short-term nephro-
toxicity of any grade was reported in this study. According to the
widely recognized upper limit of the absorbed dose to the kid-
neys, which is between 23 and 29 Gy (Gy)24e26, an accumulated
dose of 12e15 GBq 177Lu-LNC1010 was administered to pa-
tients. Dosimetry results suggested that up to four 177Lu-
LNC1010 PRRT cycles (3.33 Gq/cycle) may be feasible. In
previous studies, the long-term severe grade (G3/G4) nephro-
toxicity was minimal; no statistically significant difference
regarding the creatinine levels was observed between the standard
(PRRT Z 4 cycles) and extended treatment groups (PRRT >4
cycles) (89.30 � 51.19 vs. 93.20 � 55.98 mmol/L; P Z 0.364),
and adverse renal events exhibited only a marginal increase rising
from 0.4% of patients in the standard group to 1.1% in the
extended treatment group27,28. In addition, this limited dose of
23 Gy to the kidneys which was previously extrapolated from
external-beam radiation therapy (EBRT) may not be directly
translatable to PRRT, particularly with the long-acting somato-
statin analog 177Lu-LNC1010 since it is characterized by a sus-
tained but lower radiation dose rate, and the different physical
properties of the radioactive particles29. Therefore, the maximal
administration of 177Lu-LNC1010 based on kidney tolerance
might be more than 4 cycles, and careful dose administration is
required when considering multiple PRRT cycles.

177Lu-LNC1010 exhibited a slightly higher radiation dose in
the liver than 177Lu-EB-TATE. While PRRT-related hepatotoxicity
is typically mild and rare30, one patient experienced G3 hepato-
toxicity and another experienced G4 hepatotoxicity in this study
after the first 177Lu-LNC1010 and 177Lu-EB-TATE treatment
cycle, respectively. However, both patients had NETs with diffuse
liver metastases, which typically increases the liver
burden significantly, serving as a major factor influencing
hepatotoxicity31.

Subacute G3eG4 blood-related toxicity was seen in 25% of
patients administered 177Lu-LNC1010, primarily in those
receiving a high therapeutic dose (4.99 GBq/cycle). PRRT often
induces hematologic toxicity due to radiation exposure to the bone
marrow. In our study, exposure of 177Lu-LNC1010 to the red
marrow reached 0.17 � 0.04 mSv/MBq, which was comparable to
177Lu-EB-TATE (0.15 � 0.02 mSv/MBq). A positive correlation
between hematological toxicity and total RMD was revealed, with
patients in the 177Lu-LNC1010 group receiving >1.5 Gy total
RMD experiencing G3/G4 thrombocytopenia, while no G3/G4
thrombocytopenia occurred in patients receiving <1.2 Gy total
RMD. This suggests a maximum tolerated 177Lu-LNC1010 dose
of 3.33 GBq/cycle, with potentially risks outweighing the benefits
at higher doses. Previous reports have indicated that somatostatin
functions as a chemoattractant based on SSTR-specific expression
on immature (CD34þ cells) human and murine hematopoietic
precursors32. Flow cytometric analysis revealed SSTR expression
primarily in CD34þ cells, with the highest expression levels
observed in the CD34þ/CD117þ subset32. These cells, consti-
tuting merely a minor percentage of the bone marrow, cannot be
detected using 177Lu-LNC1010 planar WBS. This may explain the
G3/G4 hematotoxicity observed when the total RMD did not
exceed the widely accepted bone marrow radiation dose limit
(2 Gy)33. Similarly, a previous phase I study using 177Lu-sator-
eotide tetraxetan, an SSTR2 antagonist, observed G4 hematologic
toxicity in four of seven (57%) patients after two PRRT cycles,
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despite a low absorbed dose (0.09 mSv/MBq) in the bone
marrow34.

The positive treatment response to 177Lu-LNC1010 may be
attributed to the high radiation doses delivered to metastatic le-
sions. Although comparable biodistribution and dosimetry results
between 177Lu-LNC1010 and 177Lu-EB-TATE were observed in
most unaffected organs, 177Lu-LNC1010 exhibited higher uptake,
prolonged effective half-life, and residence time than that of
177Lu-EB-TATE in most tumor lesions, resulting in 2.7-, 4.0-, and
3.0-fold higher radiation doses in the metastatic lymph nodes,
liver, and other metastases than those of 177Lu-EB-TATE,
respectively. However, as two patient cohorts were used to
compare the tumor absorbed dose between 177Lu-LNC1010 and
177Lu-EB-TATE, cohort heterogeneity and variations in receptor
densities and tumor burdens, led to significant variation in the
average tumor-absorbed doses across different patients18,21.
Therefore, the mean tumor absorbed dose in this study may not
be characteristic of different patients or distinct therapy cycles
within the same patient. Similarly, direct comparisons of 177Lu-
LNC1010 with other PRRT radiopharmaceuticals may not be
feasible. Unlike in PET imaging studies, a head-to-head com-
parison between two therapeutic radiopharmaceuticals in one
patient is not possible since the influence of the previous PRRT
must be considered35,36.

Although therapeutic efficacy was not the main emphasis of
the current study, preliminary PRRT efficacy results showed an
83% DCR and a 42% ORR after two 177Lu-LNC1010 treatment
cycles. Even then the DCR appear to be commensurate with those
previously reported for 177Lu-satoreotide tetraxetan (85% DCR)
and 177Lu-LM3 (85.1% DCR), it should be noted that our patient
cohort received only two cycles of PRRT, which is less than the
therapeutic cycles in the PRRT study with 177Lu-LM3 (up to four
cycles). Furthermore, our research protocol was designed as a
dose-escalation study; therefore, a subgroup of patients was
treated with lower therapeutic doses (e.g., 60e100 mCi) than the
doses in regular PRRT studies (200 mCi)34,37. Therefore, the
therapeutic efficacy of 177Lu-LNC1010 will be further evaluated
in future phase II and phase III clinical trials and compared with
FDA-approved Lutathera (177Lu-DOTATATE).

This study has a few limitations. First, the small patient pop-
ulation and limited number of patients who received 177Lu-EB-
TATE treatment for comparison warrants further randomized,
controlled studies with larger sample sizes. Second, this study
does not directly compare the effectiveness and safety of
177Lu-LNC1010 versus 177Lu-EB-TATE, but instead relies on
observations from separate patient cohorts, with 12 individuals
receiving 177Lu-LNC1010 and three controls receiving 177Lu-EB-
TATE. Third, this study lacked long-term observations of AEs,
including hematologic toxicities and nephrotoxicity; however,
these issues will be addressed in subsequent studies.

In conclusion, 177Lu-LNC1010 demonstrated good in vitro and
in vivo stability and SSTR2 binding affinity. Preclinical studies
indicated increased absorption and extended retention of 177Lu-
LNC1010 in SSTR2 expressing AR42J tumor xenografts. The
first-in-human trial revealed higher tumor uptake and absorbed
doses with 177Lu-LNC1010 than those with 177Lu-EB-TATE,
leading to 83% DCR and 42% ORR after two treatment cycles. In
addition, the dose-escalation study identified 3.3 GBq/cycle was
the most suitable therapeutic dose for forthcoming trials. While
the preliminary data on safety and PRRT efficacy are encouraging,
further investigations through multicenter, prospective, and ran-
domized controlled trials are needed.
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