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Emerging innovations in theranostics for
pancreatic neuroendocrine tumors
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Pancreatic neuroendocrine tumors (pNETs) often overexpress somatostatin receptor type 2 (SSTR2),
making them ideal targets for theranostics, which integrates molecular imaging with targeted
radionuclide therapy. 177Lu-DOTATATE significantly extends progression-free survival (22.8 vs. 8.5
months) compared to octreotide LAR. Despite these advances, challenges remain, including
treatment resistance and long-term toxicities. In this review, we explore advancements in specialized
imaging techniques, rationale combination strategies, and exploring next-generation
radiopharmaceuticals.

Pancreatic neuroendocrine tumors (pNETs) are the secondmost common
type of neuroendocrine tumor (NET)1,2, accounting for approximately 8-
10% of all pancreatic neoplasms3. The incidence of pNETs has more than
doubledover thepast three decades, largelydue toadvances in radiographic
detection, although the contributions of genetic and environmental factors
are still under investigation1,4. Despite diagnostic advancements, managing
pNETs remains challenging due to their heterogeneous behavior, and
limited systemic treatment options. Systemic therapy for pNETs has tra-
ditionally focused on somatostatin analogs (SSA) due to the high expres-
sion of somatostatin receptor type 2 (SSTR2) on tumor cells. While SSAs
are effective at controlling hormonal symptoms and stabilizing disease,
they rarely induce significant tumor regression, highlighting a critical
unmet clinical need for therapies that actively reduce tumor burden. The
development of peptide receptor radionuclide therapy (PRRT) has intro-
duced a promising therapeutic strategy by leveraging SSTR2 expression to
enable highly sensitive imaging of small tumors and the delivery of targeted
radiation directly to tumor cells. This review explores recent advances in
specialized imaging techniques, PRRT-based combination therapies, and
emerging radiopharmaceutical agents for the treatment of pNETs.

Biology of pNETs and the role of SSTR
pNETs originate from pancreatic islet cells and exhibit diverse biological
behaviors, from indolent to highly aggressive. Approximately 75–90% of
pNETs are non-functional,meaning they donot secretemetabolically active
hormones, leading to asymptomatic progression and delaying diagnosis
until after metastasis has occurred1,5. In contrast, functional tumors can
secrete hormones, such as glucagon, insulin, and gastrin, causing distinct
clinical syndromes that can prompt earlier detection6. Somatostatin, a
hormone produced by neuroendocrine cells, regulates glucagon and insulin
secretion and influences pancreatic cell growth through multiple signaling

pathways7,8.Akeybiological characteristic of pNETs is the overexpressionof
somatostatin receptors (SSTRs), particularly SSTR2, which is found in
around 80% of non-functional pNETS9. The high expression of SSTR2 in
well-differentiated pNETs, while poorly differentiated tumors tend to
exhibit lower levels of this receptor10. This differential expression of SSTR2
not only serves as a diagnostic marker but also presents a valuable ther-
apeutic target. High SSTR2 expression is associated with a favorable
response to SSAsdue to their preferential binding to SSTR211.Consequently,
SSAs are widely employed to control tumor growth and alleviate hormonal
symptoms in patients12. The limited efficacy of SSAs in causing significant
tumor regression combined treatment resistance, underscores the necessity
for more targeted and effective treatment strategies. The availability of a
tumor-specific target (SSTR2) combinedwith advances in nuclearmedicine
has paved the way for theranostics, an approach that integrates molecular
imaging and targeted radionuclide therapy to offer a more precise and
effective treatment strategy.

Specialized imaging
While traditional imaging modalities such as computed tomography (CT)
and magnetic resonance imaging (MRI) are commonly used for pNET
detection, their sensitivity is often limited, especially for small or well-
differentiated lesions. In contrast, molecular imaging techniques utilizing
radiolabeled somatostatin analogs have significantly enhanced the ability to
localize and assess tumor activity with higher precision. The Octreoscan
(Mallinckrodt, St. Louis, MO), the first Food and Drug Administration
(FDA)-approved imaging modality for pNETs, utilizes planar and SPECT/
CT imaging performed 24 and 36 h after the intravenous administration of
111In-pentetreotide, a gamma-emitting radiotracer targeting SSTR2. How-
ever, since the FDA approval of 68Ga-DOTATATE Positron Emission
Tomography-Computed Tomography (PET/CT) in June 2016, this tracer
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has largely replaced Octreoscan due to its superior sensitivity (96–97%)
which is significantly higher than 111In-pentetreotide SPECT/CT (65–72%),
and comparable specificity (93%) in detecting SSTR2-expressing tumors13.
This shift is also driven by reduced radiation exposure and a shorter imaging
protocol, as 68Ga-DOTATATE scans are completed within 1–2 h14–20.

68Ga is a positron-emitting isotope chelated to 1,4,7,10-tetra-
azacyclododecane-1,4,7,10-tetraacetic acid (DOTA), which is con-
jugated to peptides with high affinity for SSTRs. Common 68Ga
compounds include DOTATOC, DOTANOC, and DOTATATE21.
While these tracers show minor differences in binding affinities to
specific SSTR subtypes, they exhibit comparable diagnostic accuracy
for detecting neuroendocrine tumors (NETs)22,23. 68Ga-DOTATATE
PET/CT is themost widely used in the United States, while DOTATOC
and DOTANOC are more commonly utilized in Europe. 68Ga-
DOTATATE PET/CT is particularly effective for imaging well-dif-
ferentiated, low-grade pNETs due to their high SSTR2 expression,
whereas poorly differentiated, grade 3 pNETs, with reduced SSTR
expression and increased glycolytic activity, are better evaluated using
18F-fluorodeoxyglucose (18F-FDG) PET/CT imaging23.

Emerging radiotracers
Among newer agents, 64Cu-DOTATATE, approved in the U.S. since 2020,
offers significant advantages over 68Ga-based tracers, including a longer

half-life of 12.7 h, compared to 68min for 68Ga24–26.This extended half-life
allows for greater flexibility in imaging schedules and facilitates centralized
production and distribution to sites without on-site cyclotron facilities27.
64Cu-DOTATATE also provides lower radiation exposure and improved
lesion detection25. A comparative study revealed that 64Cu-DOTATATE
detected 42 additional lesions compared to and 68Ga-DOTATOC, 33 of
which were confirmed as true positives (p < 0.001), demonstrating its
superior sensitivity28. Despite these benefits, 64Cu-DOTATATE has lim-
itations, including higher production costs and longer imaging times
(1–3 h) compared to 68Ga-DOTATATE28. While these factors may limit
widespread adoption, current evidence is inconclusive regarding the
superiority of one over another, and both remain valuable diagnostic
options in clinical practice.

Current SSTR-mediated imaging relies on the internalization of radi-
olabeled agonists into tumor cells. However, preclinical studies suggest that
radiolabeled SSTR antagonists may offer superior tumor uptake and
detection due to enhanced receptor recognition29,30. For instance, 68Ga-
DOTA-JR11, an SSTR antagonist, demonstrated 1.3 times higher tumor
uptake compared to 68Ga-DOTATATE, despite having 150 times lower
affinity for SSTR229. Early human studies using 68Ga-DOTA-JR11 have
shown favorable safety profiles, optimal biodistribution, and the ability to
detect lesions as small as 1.4 mL17. SSTR antagonists may provide a more
comprehensive assessment of tumor burden in pNET patients.

Table 1 | Landmark Clinical Trials for the Treatment of GEP-NETs

Trial Name/ID/Study design Primary endpoint Result Dates of
Enrollment

Number
Enrolled

Status

PROMID /NCT00171873/Randomized,
Double blind
Phase III

Time to Tumor
Progression

Time to tumor progression:
Octreotide cohort- 14.3 mo (CI 95%
11.0 to 28.8)
Placebo cohort- 6 mo (CI 95% 3.7
to 9.4)

2001–2013 85 Completed

NCT00353496/ CLARINET/Phase III,
Randomised, Double-blind

PFS Median PFS:
Lanreotide cohort- was not reached
Placebo cohort- 72 weeks (CI 95%
48.6 to 96.0)

2006–2013 264 Completed

NCT00842348/Phase III Open Label
Extension Study of Lanreotide
Autogel 120mg

AE AE: 86out of 89patientswith treatment
emergent AEs
PFS:
Lanreotide-Lanreotide cohort:
154.14 weeks
(CI 95%, 123.57 to 237.43)
Placebo-Lanreotide cohort:
72.00 weeks
(CI 95%, 48.43 to 84.57)

2009–2015 89 Completed

NCT01824875/Randomized Phase II PFS PFS:
Temozolomide cohort- 15.1 months
(CI 95% 10.5 to 21.0)
Temozolomide and Capecitabine
(CAPTEM) cohort- 23.2 months
(CI 95% 16.6 to 32.2)

2013–2023 144 Active, not
recruiting

NCT01578239/ NETTER-1/Randomized
Phase III

PFS PFS:
177Lu-DOTATATE cohort- at month
20 was 65.2% (95% CI, 50.0 to 76.8)
LAR Octreotide cohort- at month 20,
10.8% (95% CI, 3.5 to 23.0)
P = 0.004
ORR:
177Lu-DOTATATE- 18% (CI 95% 7.8
to 21.6)
LAR Octreotide cohort- 3% (CI 95%
0.2 to 7.8)
OS:
177Lu-DOTATATE cohort- 48 months
(CI 95% 37.4 to 55.2)
LAR Octreotide cohort- 36.3 months
(CI 95% 25.9 to 51.7)
(HR 0.84, 95% CI 0.60-1.17. p
value 0.3039)

2012–2021 231 Completed
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PET imaging techniques: dual-tracer PET and hybrid imaging
Dual-tracer PET imaging has emerged as a valuable approach for
staging and grading pNETs, particularly those with heterogeneous
features. This technique combines the high sensitivity of 68Ga-
DOTATATE for detecting well-differentiated, SSTR-positive tumors
with the ability of 18F-FDG PET/CT to identify glycolytically active,
poorly differentiated tumors31. In a recent study involving 124 patients
with Grade 1 and Grade 2 pNETs (49.2%/50.8%, respectively), 68Ga-
DOTATOC PET/CT detected disease in 122 patients (98.4%), while
18F-FDG PET/CT identified lesions in 64 patients (51.6%), resulting in
a combined sensitivity of 99.2%32. This dual-tracer approach not only
enhances diagnostic accuracy but also improves treatment stratifica-
tion by distinguishing SSTR-positive, indolent tumors from highly
glycolytic, aggressive subtypes, allowing for targeted treatment
planning31,33–35. Similarly, hybrid imaging techniques such as PET/MRI
can further refine staging accuracy by integrating the functional
insights of PET with the high-resolution anatomical detail of MRI36.
This combination is particularly effective for detecting small liver
metastases and peritoneal implants that might be missed by conven-
tional imaging36,37. For example, PET/MRI has shown superior per-
formance in identifying sub-centimeter liver lesions and evaluating
vascular invasion, thereby providing more precise information for
surgical planning37.

Collectively, advanced imaging techniques address the limitations of
traditional imaging by offering more precise staging and a deeper under-
standing of tumor heterogeneity, thereby enabling more personalized
treatment approaches.

Current treatment approaches for pNETS
Surgical resection for localized or limited metastatic disease remains the
primary potentially curative option for patients with pNETs. However, the
majority of patients (60.2%) present with metastatic disease, while an
additional 20.7% are diagnosed with regionally advanced tumors38, neces-
sitating a focus on reducing tumor burden, and managing symptoms
throughmultimodal strategies. These strategies often include a combination
of surgery, liver-directed treatments, and systemic therapies. The following
sections explore key systemic therapies, highlighting their roles in the
comprehensive management of pNETs (see Table 1).

Somatostatin analogs
SSAs are a widely used first-line treatment for patients with advancedNETs
that express SSTRs, due to their anti-proliferative effects and efficacy in
symptom management39. Common SSAs include octreotide long-acting
release (LAR) and lanreotide, both of which have demonstrated significant
improvements in progression-free survival (PFS) in separate Phase III
clinical trials40,41. The CLARINET trial (NCT00353496), which evaluated
the efficacy of lanreotide in patients with gastroenteropancreatic NETs
(GEP-NETs), reported amedian PFS that was not reached in the lanreotide
group compared to 18.0 months in the placebo group (HR 0.47; 95% CI,
0.30–0.73; p < 0.001)42. This trial also included a subgroup analysis focused
specifically on pNET patients, which demonstrated a favorable trend for
disease control in those receiving lanreotide (HR = 0.58; 95% CI,
0.32–1.04)43. While SSAs are effective for disease stabilization, they have
limitations, including treatment resistance, incomplete tumor control, and
gastrointestinal side effects.

Peptide receptor radionucleotide therapy (PRRT)
PRRT (Fig. 1) utilizes radiolabeled somatostatin analogs by linking the
β-emitting radioisotope 177Lutetium (177Lu) to the somatostatin analog
octreotate through aDOTAchelator, enabling targeted radiation delivery to
tumors with high SSTR expression44. The NETTER-1 trial (NCT01578239)
was the first phase III trial to assess the efficacy and safety of 177Lu-
DOTATATE in patients with metastatic or inoperable, well-differentiated
SSTR positive midgut NETs that had progressed despite prior SSA
therapy45. The trial demonstrated that 177Lu-DOTATATE reduced the risk
of progressionor deathby 79%compared tohigh-dose octreotideLAR,with
a 20-month progression-free survival (PFS) rate of 65.2% for the 177Lu-
DOTATATE group versus 10.8% for the control group45. In addition, the
objective response rate (ORR) was significantly higher in the 177Lu-
DOTATATE group (18%) compared to 3% in the control group
(P < 0.001)45. Although OS was longer in the PRRT group, the difference
between the two groups did not reach statistical significance46. Given the
favorable PFS, and significant objective response rate observed in patients
with midgut neuroendocrine tumors in the NETTER-1 trial, the FDA
extended 177Lu-DOTATATEapproval to encompass all gastrointestinal and
pancreatic neuroendocrine tumors47. 177Lu-DOTATATE is generally well
tolerated, but grade 3 or 4 nephrotoxicity has been reported in 2–3% of

Fig. 1 | Radionuclide Detection and Treatment
of pNETs. This figure illustrates the radionuclide-
based approach for detecting and treating pancreatic
neuroendocrine tumors (pNETs). The process
begins with the intravenous injection of 68Ga-
DOTATATE, a somatostatin receptor type 2
(SSTR2) agonist that binds to receptors expressed on
the surface of neuroendocrine tumor (NET) cells. A
subsequent PET/CT scan detects NETs by visualiz-
ing this receptor-ligand interaction. For treatment,
patients receive 177Lu-DOTATATE intravenously as
part of peptide receptor radionuclide therapy
(PRRT). The 177Lu-DOTATATE binds specifically
to SSTR2 receptors on neuroendocrine cancer cells,
is internalized, and delivers targeted radiation
directly to the tumor. This radiation induces DNA
damage, leading to cancer cell death while sparing
surrounding healthy tissues. Created in Biorender.
Karimi, A. (2025).
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patients, grade 3 or 4 bonemarrow toxicity in 9% aswell asMyelodysplastic
syndrome (MDS), leukemia at 2% and 3%, respectively48. To mitigate
nephrotoxicity, co-infusion of positively charged amino acids (e.g., L-lysine
and L-arginine) can reduce renal radiation dose by up to 65%48. Regular
monitoring of renal function andblood counts is essential for early detection
of complications49.

The follow-up Phase III NETTER-2 trial (NCT03972488) is the first
randomized study to assess radioligand therapy as a first-line treatment50.
Results from the trial indicate that combining 177Lu-DOTATATE with
octreotide LAR substantially improved PFS (22.8months, 95%CI: 19.4–not
estimated) compared to octreotide LAR alone (8.5 months, 95% CI:
7.7–13.8, p < 0.0001)50. A subgroup analysis further emphasized the benefit
of 177Lu-DOTATATE in pNETs, showing a median PFS of 19.4 months
versus 8.5months in the control arm, and an objective response rate (ORR)
of 51.2% compared to 12.2%51. The NETTER-2 trial demonstrated a higher
ORR compared toNETTER-1, despite enrolling patients with higher-grade
(Grade2and3)GEP-NETs—apopulationcharacterizedbymore aggressive
tumor biology. In contrast, NETTER-1 focused on patients with Grade 1
and 2 midgut NETs, which are generally considered less aggressive. This
discrepancy in ORR between the two trials highlights the enhanced efficacy
of the PRRT in a treatment naïve population.

The promising outcomes of the NETTER-2 trial underscore the
expanding role of PRRT inmanaging pNETs. Because of this, there has been
further exploration of additional PRRT administration beyond the con-
ventional 3–4 dose course52,53. Vaughan et al. found that retreatment with
PRRT was safe and effective, with a median PFS of 17.5 months (95% CI,
11–23.8) and median OS of 71 months (95% CI, 57-89)54. A meta-analysis
by Strosberg et al. of seven studies involving 414 patients showed a median
pooled PFS of 12.52 months (95% CI, 9.82–15.22) and OS of 26.78months
(95%CI, 18.73–34.83) following PRRT retreatment, with grade 3/4 adverse
events (AEs) occurring in 5% of patients, with hematologic events parti-
cularly noteworthy55,56. Despite the increase in AEs compared to initial
PRRT, thesefindings support PRRT retreatment as a viable option for select
patients with tumors that retain SSTR2 expression after initial PRRT
treatment53,56. Further research is required to address key challenges,
including strategies to address hematologic toxicity, and developing stan-
dardized protocols for optimal imaging timing for tumor response
assessment57.

Combination therapywith 177Lu-DOTATATE: enhancing
efficacy while managing toxicity
Ongoing research is exploring the potential of combination therapies to
enhance therapeutic efficacy of PRRT. Since 177Lu-DOTATATE induces
DNA damage through radiation, combining it with agents that target DNA
repair mechanisms may amplify its therapeutic effects. In addition to the
studies highlighted below, numerous other agents are being investigated, as
detailed in Table 2.

Combining PRRT with conventional chemotherapy agents
The combination of 177Lu-DOTATATE with standard chemotherapeutic
agents, such as the antimetabolite capecitabine and the alkylating agent
temozolomide (or both, as in the CAPTEM regimen), is being explored as a
strategy to improve tumor response58,59. Chemotherapeutic agents can
inhibit DNA repair pathways, thereby prolonging radiation-induced DNA
breaks and increasing apoptosis60. Ongoing Phase II trials (NCT027500 and
NCT02358356) are investigating the efficacy of these combinations. The
E2211 Phase II trial (NCT01824875) provided compelling evidence sup-
porting this approach, demonstrating thatCAPTEMsignificantly improved
median PFS to 22.7 months compared to 14.4 months with temozolomide
alone (HR = 0.58, P = 0.022) in 144 patients. The final analysis showed a
median OS of 58.7 months in the CAPTEM arm compared to 53.8 months
with temozolomide alone, although the difference was not statistically sig-
nificant (HR = 0.82, P = 0.42)61. Additional evidence from the
NCT02358356 trial further supports the efficacy of CAPTEM in combi-
nationwithPRRT. InpatientswithpNETs, the 12-monthPFSwas 77%with

PRRT+CAPTEM versus 60% in the control arm, suggesting an added
benefit of chemotherapy in this subset62. However, combining these treat-
ments resulted in a higher incidence of grade 3/4 hematologic toxicities,
particularly in patients with midgut NETs, where such events were nearly
twice as frequent with PRRT+CAPTEM (88% vs. 46%)63,64. To mitigate
these risks, careful patient selection, closemonitoring, anddose adjustments
are essential. Approaches such as prophylactic growth factor support may
help reduce the risk of severe neutropenia and thrombocytopenia65.

Combining PRRT with targeted therapy
177Lu-DOTATATE exerts its therapeutic effects primarily through
β-particle radiation, which causes single-strand DNA breaks in SSTR-
positive tumor cells.However, the efficacyof this approachcanbe limited by
intrinsic DNA repair mechanisms that allow tumor cells to recover from
radiation-induced damage66. TargetingDNA repair proteins such as PARP,
HSP90, and checkpoint kinase 1 (CHEK1) holds promise for enhancing the
efficacy of radioligand therapy.

Poly ADP-ribose polymerase (PARP) inhibitors
PARP enzymes play a critical role in DNA repair by addressing single- and
double-strand breaks67. Inhibiting PARP can enhance the sensitivity of
tumor cells to 177Lu-DOTATATE by prolonging DNA damage, promoting
cell cycle arrest and apoptosis68–72. Early results from the Phase I/II study
(NCT04086485) combining the PARP inhibitor olaparib with 177Lu-
DOTATATE indicate the combination is well tolerated with minimal
hematologic toxicity, with only grade 1 fatigue and alopecia reported73,74.
Since PARP inhibitors can also exacerbate bone marrow suppression, close
monitoring of hematologic parameters and the use of dose modifications
may be necessary75. Although PARP inhibitors are FDA-approved for
treating pancreatic adenocarcinoma in patients with germline BRCA1/2
mutations, the low incidence of BRCA mutations in pNETS, significantly
limits the potential therapeutic benefit of using a mutation-specific patient
selection approach76.

DNA repair pathway inhibitors
DNA-PK, a key enzyme in the non-homologous end joining pathway of
DNA repair, may prevent the repair of DNA damage caused by 177Lu-
DOTATATE, thereby enhancing tumor control77. Peposertib, a potent
radiosensitizer78, has been evaluated in combination with radiation and
cisplatin chemotherapy inpatientswith thoracic andhead andneckcancers,
where it demonstrated acceptable tolerability in early human trials79.
Maculopapular rash andnauseawere themost commonGrade 3AEs80. The
Experimental Therapeutics Clinical Trials Network (ETCTN) 10450 trial
(NCT04750954) is currently evaluating peposertib in combination with
177Lu-DOTATATE in patients with well-differentiated, PRRT-naïve GEP-
NETs who have progressed on somatostatin analogs. However, this
approach may also increase gastrointestinal and hematologic toxicity,
highlighting the need for careful patient selection and supportive care
measures81.

Ribonucleotide reductase, a rate-limiting enzyme in DNA synthesis
and repair, can also contribute to resistance against 177Lu-DOTATATE by
repairing radiation-induced DNA damage. The ETCTN 10388 Phase I trial
(NCT04234568) is investigating the combination of the RR inhibitor,
Triapine, with 177Lu-DOTATATE in SSTR-positive GEP-NETs. Pre-
liminary findings revealed that 22 out of 28 patients remained progression-
free at 12 months, indicating the potential of Triapine to overcome PRRT
resistance82. A Phase II study (ETCTN 10558, NCT05724108) is currently
recruiting patients to directly compare the efficacy of Triapine in combi-
nation with 177Lu-DOTATATE versus 177Lu-DOTATATE alone in well-
differentiated SSTR-positive NETs83.

Mammalian target of rapamycin (mTOR) inhibitors
The mTOR pathway, which regulates cell growth, metabolism, and DNA
damage response, has emerged as a target for enhancing PRRT efficacy84,85.
Everolimus, an mTOR inhibitor, is FDA approved for the treatment of
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progressive pNETs, with the RADIANT-3 trial demonstrating a median
PFS of 11.0 months compared to 4.6 months with placebo (HR 0.35;
P < 0.001)86. Grade 3 or 4 adverse events (AEs), including anemia (6%) and
hyperglycemia (5%), have been reported, with hyperglycemia potentially
becoming more severe in patients with preexisting glucose intolerance86.
The rationale for combining everolimus with 177Lu-DOTATATE lies in its
ability to inhibit cell proliferation and reduce angiogenesis, which can
enhance the cytotoxic effects of radiation87. However, conflicting results
from preclinical studies also demonstrated increased metastasis in a pan-
creatic tumor mouse model88. Ongoing trials, such as the Phase I/II study
(NCT03629847), aim to assess the efficacy of this combination in patients
with unresectableGrade 1 and 2NETs from the gastrointestinal tract, lungs,
and pancreas89.

Tyrosine kinase inhibitors
Sunitinib, a tyrosine kinase inhibitor (TKI) targeting multiple enzymes
involved in tumor cell proliferationandangiogenesis, improvedmedianPFS
(11.4 vs. 5.5 months, HR 0.42, P < 0.001) and OS (HR 0.41, P = 0.02) in
patients with pNETs (NCT00428597)90. The rationale for combining
sunitinib with 177Lu-DOTATATE is based on its ability to enhance the
tumor vasculature and oxygenation, possibly increasing radiation
sensitivity91,92. The study was stopped early due to higher deaths in the
placebo group (25% vs. 10%), reinforcing Sunitinib’s benefit90. The ongoing
ETCTN 10479 Phase I trial (NCT04919226) is assessing the maximum
tolerated dose (MTD) of this combination and its impact on AEs90.

Structural modifications of 177Lu-DOTATATE
177Lu-DOTA-EB-TATE: reducing renal toxicity
Efforts to improve the efficacy of 177Lu-DOTATATE while minimizing
toxicities have led to the development of structural modifications aimed at

addressing its limitations. One significant challenge with 177Lu-
DOTATATE has been its rapid renal cleance, which contributes to
increased renal toxicity and reduced tumor retention. To overcome this
issue, 177Lu-DOTA-EB-TATE, an albumin-binding variant that incorpo-
rates Evans blue has been developed. Thismodification extends the half-life
of the radionuclide in the bloodstream, while reducing renal toxicity93–96.A
Phase I trial (NCT03478358) reported a mPFS of 36 months, an improve-
ment over the 28.4 months observed with conventional 177Lu-
DOTATATE97,98. The toxicity profile was favorable, with no Grade 4
events and limited Grade 3 hematotoxicity (13.3% thrombocytopenia, 3.3%
anemia) and Grade 3 hepatotoxicity (3.3%). Notably, no Grade 2/3/4
nephrotoxicity was observed and no cases of leukemia or myelodysplastic
syndrome were reported during follow-up98. An ongoing Phase I trial
(NCT05475210) continues to evaluate its safety and optimal dosage in
patients with untreated advanced GEP-NETs99.

177Lu-DOTATOC: an alternative with unique advantages
177Lu-DOTATOC, containing the modified somatostatin analog edotreo-
tide, serves as an alternative to 177Lu-DOTATATE, which may be particu-
larly valuable during pharmaceutical shortages64. A Phase II study
investigating 177Lu-DOTATOC in patients with GEP-NETs reported a
mPFS of 29 months and OS of 47 months100. The ORR was 16%, with a
disease control rate of 82%100. Adverse events were mostly mild (Grade 1 or
2), with Grade 3 or 4 toxicity occurring in less than 10% of patients, pri-
marily hematological, with no Grade 3 or 4 renal toxicity101.The ongoing
Phase III COMPOSE trial (NCT04919226) aims to compare 177Lu-
DOTATOC to standard care options such as CAPTEM, everolimus, and
FOLFOX in patients with aggressive Grade 2/3 SSTR-positive GEP-
NETs102. Results from this trial will be critical in determining cost-
effectiveness and clinical utility, especially given the lower production costs

Fig. 2 | Beta and alpha radiation in targeted radionuclide therapy. This figure
illustrates the mechanisms of targeted radionuclide therapy via somatostatin
receptor type 2 (SSTR2). The top pathway depicts beta radiation, which affects a
broader area, targeting 10-100 cells and causing single-stranded DNA damage
through the emission of electrons with a longer range. In contrast, the bottom

pathway highlights alpha radiation, which impacts a much smaller area, targeting
only 5-10 cells. Alpha particles deliver higher energy with a shorter range, resulting
in highly localized and concentrated DNA damage, leading to irreparable double-
strand breaks in tumor cells. Created in Biorender Karimi, A. (2025).
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and greater availability of 177Lu-DOTATOC compared to 177Lu-
DOTATATE64.The Phase III COMPETE trial (NCT03049189), is
evaluating 177Lu-DOTATOC versus everolimus in SSTR-positive GEP-
NETs, and has met its primary objective of prolonging median PFS to
23.9 months compared to 14.1 months on everolimus (p value = 0.022)103.
WhileOS data is stillmaturing, the trialmarks thefirst instance of a targeted
radiopharmaceutical therapy outperforming a molecular therapy in this
setting,withplans for aU.S.NewDrugApplication submission in2025104,105.

Targeted alpha therapy
Targeted Alpha Therapy (TAT) presents a compelling alternative to beta-
emitting PRRT by utilizing alpha particles, that cause highly localized,
irreparable DNA double-strand breaks due to their large size and short
travel range than beta particles106. In contrast, beta emitters predominantly
induce single-strand DNA breaks, that are more easily repaired, potentially
contributing to tumor resistance107. Due to their limited tissue penetration,
alpha particles provide precise tumor targeting with minimal off-target
effects108,109, makes TAT particularly attractive for treating liver metastases
(Fig. 2)110. Although preliminary results are encouraging, TAT remains in
the early stages of clinical development111. Ongoing trials are exploring the
safety and efficacy of these agents (Table 3).

213-bismuth (213Bi)
213Bi-DOTATOC has shown considerable promise in preclinical studies112,
significantly reducing tumor growth without causing chronic kidney
damage or hematologic toxicity113. In a Phase I trial involving seven patients
with pNETs that progressed after 177Lu-DOTATOC therapy, 213Bi-
DOTATOC induced sustained tumor responses with lower acute hema-
totoxicity and moderate chronic kidney toxicity, suggesting it may offer a
favorable safety profile for tumors resistant to beta radiation114. In a related
clinical study, Giesel et al. demonstrated that contrast-enhanced ultrasound
is a reliable modality for assessing treatment response in patients treated
with 213Bi-DOTATOCbydetecting early changes in tumormicrocirculation
perfusion115. The study found that 66% of patients treated with 213Bi-
DOTATOC showed a significant reduction in enhancement, with more
pronounced declines observed during short-term follow-up, compared to
33% of patients treated with 177Lu/90Y-DOTATOC115.

225-actinium (225Ac)
225Ac, an alpha-emitter with a longer half-life of 9.9 days, has become a
focal point in TAT research. Preclinical studies in mouse models of
liver metastases from pancreatic NETs demonstrated that 225Ac-
DOTATOC significantly improved survival compared to non-
radioactive DOTATOC116. In a study by Ballal et al., patients who
had achieved disease control with prior 177Lu-DOTATOC therapy and
were subsequently retreated with 225Ac-DOTATATE showed the best
outcomes, with a 24-month OS rate of 95%117. The ongoing ACTION-1
Phase III clinical trial (NCT05477576) is evaluating 225Ac -DOTA-
TATE in patients with well-differentiated GEP-NETs that have pro-
gressed following 177Lu-DOTATATE therapy118. Preliminary data from
the Phase 1b portion of the trial reported promising efficacy, with an
ORR of 29.4%, including a complete response in one patient, partial
responses in four patientsand stable disease in 41.2% of participants.

While the median PFS was not yet estimable, early results suggest
durable responses119. A notable case report further demonstrated the
potential of 225Ac in tandem-PRRT approaches. A patient with rapidly
progressing pNET and extensive metastases demonstrated an excep-
tional response to tandem-PRRT using 177Lu-DOTA-LM3 and 225Ac-
DOTA-LM3 after exhausting prior chemotherapy and 177Lu-
DOTATATE PRRT options120. This combination therapy led to sig-
nificant improvements across all metastatic sites, particularly in the
liver, highlighting the synergistic effects of alpha and beta emitters120.

212-lead (212Pb)
212Pb is another alpha-emitter under investigation in combination with
various chelating agents. In a study by Delpasand et al, GEP-NET patients
receiving 212Pb-DOTAMTATE exhibited an 80% objective radiologic
response, with the treatment being well tolerated and no severe AEs
reported121. The ongoing ALPHAMEDIX02 Phase II trial (NCT05153772)
is investigating ²¹²Pb-DOTAMTATE in SSTR-positive, PRRT-naïve NET
patients. Pooled results from Phase I/II trials demonstrated a high ORR of
56.8%, with the median response duration of 14 months (range:
5–22 months), indicating a promising efficacy profile122. Additionally, a
Phase I/IIa study (NCT05636618) is evaluating 212Pb VMT-alpha-NET,
which employs a novel polyethylene linker to conjugate octreotide to 212Pb
for advanced SSTR2-positive, PRRT-naïve NET patients123. In this small
cohort, 9 out of 10 patients (90%) who completed all treatment cycles
remained progression-free at the last follow-up, with a median follow-up
duration of 17.4 months (range: 9–26 months)124. Common AEs included
nausea (31%) and alopecia (25%), whileGrade 3 toxicities occurred in 5%of
patients, with no reported Grade 4 events124.

While TAT offers significant advantages over beta-emitting PRRT—
including higher linear energy transfer, superior tumor control, and the
ability to eradicate targeted metastatic lesions—its widespread clinical
application faces substantial challenges125,126. Radionuclide availability and
high production costs is a major hurdle, as alpha emitters require complex
production processes and are limited to a few specialized facilities
worldwide127. From a logistical perspective, the short half-lives of many
alpha emitters complicate transport, storage, and coordination between
production sites and clinical centers128. Moreover, the short path length of
alpha particles necessitates precise targeting to minimize off-target effects,
requiring advanced imaging techniques to ensure optimal therapeutic
index129,130. To overcome these barriers, strategies such as streamlined cost-
effective production processes and establishing international guidelines for
the safe and efficient use of TAT will be crucial for its integration into
standard clinical practice130.

SSTR2 antagonists: advancing imaging and therapy
Historically, it was believed that internalization of radiotracers was neces-
sary for effective SSTR-targeted therapy and imaging. However, research by
Ginj et al. challenged this paradigm by demonstrating that SSTR2 antago-
nists could offer superior efficacy compared to agonists131. Antagonists bind
to a greater number of receptor sites on the tumor surface without inter-
nalizing, thereby providing higher binding affinity and specificity131,132.
Several SSTR2antagonists have beendevelopedand tested inpreclinical and
clinical studies.

Table 3 | Ongoing TAT trials

Clinical trial registry number/phase Radiopharmaceutical Number enrolled Duration Primary endpoint

NCT05153772/Phase II trial 212Pb-DOTAMTATE 69 2021–2026 Assess Safety and efficiency

NCT05636618/phase 1/2a 212Pb-VMT-α-NET 10 2022–2027 Assess safety
&
RP2D

NCT05477576/ACTION-1/Phase 3/Randomized Open-label 225Ac -DOTATATE (RYZ101) 288 TEAEs
&
AE

https://doi.org/10.1038/s41698-025-00938-1 Review

npj Precision Oncology |           (2025) 9:146 7

www.nature.com/npjprecisiononcology


177Lu-DOTA-JR11
177Lu-DOTA-JR11, an SSTR2 antagonist, has emerged as a leading candi-
date for clinical translation due to its ability to deliver high radiation doses
selectively to SSTR-positive tumors29. Its companion imaging agent, 68Ga-
NODAGA-JR11, has demonstrated superior diagnostic accuracy compared
to 68Ga-DOTATATE133,134. In two human studies, 68Ga-NODAGA-JR11
outperformed 68Ga-DOTATATE in sensitivity (91.7%vs. 77.2%) and lesion
detection (1095 vs. 1003 lesions,P = 0.007), providing better image contrast,
particularly in patients with low to intermediate-grade GEP-NETs.
Moreover, 68Ga-NODAGA-JR11 exhibited a significantly higher target-to-
background ratio in liver lesions (6.4 ± 8.7 vs. 3.1 ± 2.6, P = 0.000), thereby
enhancing its diagnostic accuracy and potentially enabling more accurate
staging and treatment planning133,134.

LM3,4. SSTR2 antagonists LM3 and LM4 have demonstrated sig-
nificant potential in both imaging and therapeutic applications. In
clinical settings, 177Lu-DOTA-LM3 PRRT achieved a disease control
rate of 85.1%, with 36.2% of patients experiencing a partial response135.
The treatment was well tolerated, with only mild nausea (9.8%) and
thrombocytopenia (5.9%) reported, and no cases of severe nephro-
toxicity, hepatotoxicity, or hematologic toxicity135. In diagnostic
applications, 68Ga-NODAGA-LM3 and 68Ga-DOTA-LM3 have
demonstrated significant accuracy for NET detection compared to
68Ga-DOTATATE136. 68Ga-NODAGA-LM3 showed significantly
higher tumor uptake (SUVmax: 29.1 vs. 21.6, P < 0.05) and an
improved tumor-to-liver ratio (5.0 vs. 2.9, P < 0.05), thereby enhancing
its diagnostic accuracy. Similarly, 68Ga-DOTA-LM3 demonstrated a
higher tumor-to-liver ratio (5.2 vs. 2.1, P < 0.05) while maintaining
lower uptake in normal organs, thus improving image contrast and
lesion detection136. LM4, a modified version of LM3, has shown
enhanced tumor retention and reduced kidney uptake in preclinical
studies137. In human studies, 68Ga-DATA5m-LM4 demonstrated high
tumor uptake with SUVmax reaching 167.93 (mean ± SD:
44.47 ± 36.22). When compared directly to 68Ga-DOTA-TATE, 68Ga-
DATA5m-LM4 exhibited significantly lower uptake in normal liver
parenchyma (SUVmean: 3.90 ± 0.88 vs. 9.12 ± 3.64, P < 0.000001) as
well as in the thyroid, pancreas, and spleen (P < 0.05). This favorable
biodistribution, characterized by high tumor contrast and minimal
background uptake, underscores the potential of 68Ga-DATA5m-LM4
as an enhanced imaging agent for NET staging138.

Challenges and future directions. Theranostics has significantly trans-
formed the management of pNETs by integrating molecular imaging with
targeted therapy, thereby enhancing both diagnostic precision and ther-
apeutic efficacy. Beta-emitting PRRT, particularly 177Lu-DOTATATE, is
becoming a cornerstone treatment with positive results in both first- and
second-line settings. However, the limited response rates and development
of treatment resistance have highlighted the urgent need for alternative
strategies. In this review, we have explored combination approaches
involvingother systemic therapies aswell as emerging radiopharmaceuticals
including TATs and SSTR2 antagonists. While these innovative therapies
offer substantial potential, their widespread clinical implementation faces
several barriers, including combined toxicities, challenges in radionuclide
production and transport, high costs, and the necessity for specialized
infrastructure.

Biomarker-driven patient selection represents a critical area for future
research to ensure that theranostic approaches are targeted to the most
suitable candidates. Currently, patient selection is primarily based on the
intensity of SSTR expression assessed through PET imaging and the
exclusion of patients with preexisting glucose intolerance, anemia, throm-
bocytopenia, or renal disease. However, emerging blood-based biomarkers
offer promising alternatives for predicting PRRT sensitivity and treatment
efficacy. For instance, the NETest, a 51-multigene assay utilizing PCR
analysis of specific NET circulating transcripts, generates a score reflecting
real-time tumor activity and has shown potential in predicting PRRT

outcomes130,139. Similarly, an inflammation-based index, derived from
serum C-reactive protein and albumin levels is being investigated as a
prognostic tool for assessing survival and treatment response in patients
with metastatic NETs140. The development of such biomarkers could sig-
nificantly enhance patient stratification.

Another critical challenge that demands attention is the long-term
safety of these therapies, particularly regarding hematologic and renal
toxicity48,141. The cumulative effects of radiation-induced toxicity remain
inadequately explored, necessitating prolonged follow-up studies and the
development of risk mitigation strategies57. Advances in personalized
dosimetry could play a pivotal role in this regard by allowing for indivi-
dualized radiation doses that maximize therapeutic benefits while mini-
mizing toxicity risks97. Optimizing dosimetric approaches could enable the
safe administration of higher radiation doses to patients with aggressive
tumor phenotypes or poor prognostic indicators .

In conclusion, the continued integration of molecular imaging and
novel radiopharmaceuticals holds the potential to advance pNET treatment
by creating personalized therapeutic strategies. The path forward will
require amultidisciplinary approach, but thepromising clinical outcomes to
date underscore the transformative potential of these innovative theranostic
strategies.
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