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Simple Summary: This study investigates the hematotoxicity associated with Peptide
Receptor Radionuclide Therapy (PRRT) in patients with neuroendocrine tumors, focusing
on a comparison between Lutathera® and locally manufactured '7”Lu-HA-DOTATATE and
the influence of different application intervals. Since hematotoxicity remains a significant
side effect of PRRT, the aim of this study is to provide crucial insights for clinical practice,
aiming to optimize therapeutic strategies and tailor treatments for individual patients.

Abstract: Background /Objectives: Peptide Receptor Radionuclide Therapy (PRRT) is ap-
proved for patients with inoperable, progressive and/or metastatic well-differentiated
NETs. Before the approval of Lutathera®, locally manufactured 7’ Lu-HA-DOTATATE was
used on a regular basis in clinical routine. The aim of this study was (1) to compare the hema-
totoxicity of locally manufactured 17”Lu-HA-DOTATATE with Lutathera® in GEP-NET pa-
tients and (2) to compare the recommended treatment interval of 8 weeks between each cy-
cle to a prolonged scheme of up to 11 weeks for both 1”7Lu-HA-DOTATATE and Lutathera®.
Methods: The included patients with GEP NETs (1 = 46) received four cycles of PRRT, either
77Lu-HA-DOTATATE or Lutathera®, and were divided into four subgroups. The sub-
groups were treated with either locally manufactured 17 Lu-HA-DOTATATE or Lutathera®
and were stratified into a mean application interval of 8 (HAgyeeks, 72 = 10/ Lutatheragyecks,
n = 16) or 11 weeks (HAygapted, # = 10/Lutatheraygapted, 7 = 10). To evaluate therapy
associated hemato- and nephrotoxicity, patients underwent two laboratory follow-up ex-
aminations (follow-up 1—between 2./3. therapy cycle; follow-up 2—after the termination
of the 4. therapy cycle) and were then compared to pre-PRRT laboratory results. To assess
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hematological and renal recovery trends, blood values and parameters of kidney function
were collected up to 58.9 weeks after PRRT completion. Common Terminology Criteria for
Adverse Events version 5.0 (CTCAE v5.0) were used for grading hematological parameters.
Results: The occurrence of high-grade adverse events (CTCAE grade 3/4) after PRRT was
moderate, with 1/10 (10%) grade 4 lymphocytopenia in the Lutathera,gapted group, while
overall, 20/46 (43.5%) patients had grade 3 lymphocytopenia. Grade 3 thrombocytopenia
occurred in 1/10 (10%) patients of the HA;qapteq group. Absolute and percentage changes
in the kidney function (creatinine, TER) remained constant during PRRT in all subgroups.
All four subgroups showed a significant decrease in absolute blood value changes for
PLT counts, WBC counts, neutrophil granulocytes and lymphocytes between, prior to and
after PRRT (p < 0.05, each). Regarding percentage changes in laboratory parameters, only
the HA gapted and the HAgyeexs groups had significant decreases in WBC (p < 0.03, each)
and PLT counts (p < 0.04, each) while there was no significant degradation of any other
hematological parameter in any of the subgroups. Only patients with longer treatment
intervals under '””Lu-HA-DOTATATE therapy showed a statistically significant correlation
in the long-term recovery analysis concerning the PLT counts (r = 0.6, p < 0.0001). Other
blood and kidney values showed no significant correlation in the long-term analysis in
the other subgroups. Conclusion: Comparing the hematotoxicity in patients that were
treated with locally manufactured 77 Lu-HA-DOTATATE with patients that were treated
with Lutathera® and assessing different treatment intervals in both groups (8 vs. 11 weeks),
revealed that there is overall a low to moderate incidence of significant changes in hema-
tological and renal parameters directly after PRRT. Recovery trends of hematological and
renal parameters after 1 year suggest that patients treated with locally manufactured 177 Lu-
HA-DOTATATE might benefit from a longer treatment interval of 11 weeks regarding
their PLT counts. Given the risk of developing hematological diseases such as therapy-
related myeloid neoplasms years after PRRT, longer observational periods after PRRT will
be crucial.

Keywords: NET; PRRT; 177 Lu-HA-DOTATATE; Lutathera®; hematotoxicity

1. Introduction

Neuroendocrine tumors (NETs) are a rare heterogenous group of neoplasms and vary
in biological characteristics and clinical presentation [1]. Around 62-67% derive from
the gastrointestinal system and together they form the group of gastro-entero-pancreatic
neuroendocrine tumors (GEP-NETs) [1]. By the time of initial diagnosis, roughly 20% of
patients have distant metastases, which has a significant impact on survival [1,2]. Accord-
ing to the German and European consensus guidelines, PRRT with 17’ Lu-radiolabeled
octreotide derivatives is a safe and effective form of targeted therapy for patients with inop-
erable and /or metastatic well-differentiated NETs with sufficient tumor uptake shown in
diagnostic somatostatin receptor imaging [3]. Currently, PRRT with 1”’Lu-DOTATATE has
the highest level of evidence as a therapeutic radiopharmaceutical for GEP NETs [3-5]. The
prospective Phase 3 trial NETTER-1 revealed a longer PFS and OS in midgut NET patients
when treated with the combination of 1””Lu-DOTATATE and 30 mg octreotide long-acting
release (LAR) compared to 60 mg octreotide LAR alone [6]. Subsequently, based on these
findings, the first radiopharmaceutical for PRRT Lutathera® was approved by the European
Medicines Agency (EMA) in 2017 and by the U.S. Food and Drug Administration (FDA) in
2018 [7]. Lutathera® has an indication for the treatment of inoperable or metastatic, pro-
gressive, well-differentiated (G1/G2), somatostatin receptor-positive GEP-NETs in adults.
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For Lutathera®, a treatment scheme of four infusions of 7.400 MBq each in an interval of
8 & 1 weeks between each administration is recommended. However, the time interval can
be extended up to 16 weeks in case of dose modifying toxicity [8,9]. Before the approval
of Lutathera®, radiopharmaceuticals, such as 1771,u-HA-DOTATATE, used in PRRT were
locally manufactured in nuclear medicine departments, leading to a limited availability
of these products for most patients [10]. As the high-affinity form of DOTATATE, HA-
DOTATATE has a slightly higher affinity for SSTR-2 and -5 than DOTATATE [11]. Locally
manufactured 7 Lu-HA-DOTATATE is still frequently used in some centers in a compas-
sionate use program, also for other diseases than GEP NETs that overexpress somatostatin
receptors, such as lung carcinoids, pheochromocytomas/paragangliomas (PPGLs) and
meningiomas. From a radiochemical point of view, there are no substantial differences
between the locally produced 7”Lu-HA-DOTATATE and Lutathera®.

Dose-limiting organs of PRRT are kidneys and bone marrow with myelosuppression
as the most common side effect. Therefore, blood values and parameters of kidney function
need to be monitored regularly during and after PRRT [12,13]. Previous studies revealed
that the incidence of subacute hematotoxicity after PRRT with 17”Lu-DOTATATE is roughly
10% and incidences of severe hematotoxicity are low when tight screening and monitoring
processes are applied [14]. Since there is no molecular biomarker predicting PRRT hema-
totoxicity, the protection of bone marrow reserve and kidney function is of great interest.
Therefore, different strategies of myelo- and nephroprotection were evaluated in previous
studies [15-17]. However, different adaptations of the time interval between each PRRT
cycle were not yet the focus of preceding toxicity studies of PRRT.

The aim of this study was to compare the hematotoxicity of locally manufactured
77Lu-HA-DOTATATE with Lutathera® in GEP-NET patients. In addition, application of
PRRT in the advised treatment regimen of 8 weeks between each cycle was compared to a
prolonged adapted scheme of up to 11 weeks. To evaluate hematological and renal recovery
trends between the four subgroups, blood values and parameters of kidney function were
collected after PRRT completion.

2. Materials and Methods
2.1. Patient Enrollment

The included patients received four cycles of PRRT, either 7/ Lu-HA-DOTATATE or
Lutathera®, at the department of Nuclear Medicine, LMU University Hospital Munich.
Patient selection for these therapies was based on inclusion criteria stated in current guide-
lines [13,18]. GEP-NET patients were divided into 4 therapy subgroups: 2 subgroups
treated with locally manufactured ”’Lu-HA-DOTATATE PRRT, 1 group with mean appli-
cation intervals of 8 weeks (SD =+ 0.1) (HAg weeks, 12 = 10) between each cycle and the other
with mean intervals of 11 weeks (SD =+ 0.2) (HAqapted, # = 10). The other 2 subgroups
were treated with Lutathera® and were also separated by application intervals of 8 weeks
(SD =+ 0.1) (Lutatherag yecks, 7 = 16) and 11 weeks (SD =+ 0.1) (Lutatherasgaptea, 7 = 10).
Thus, the term “adapted” refers to the two subgroups whose treatment interval was ex-
tended to 11 weeks (Lutatheraygapted, HAadapted), compared to the two subgroups whose
treatment interval was 8 weeks (Lutatheragyeeks, HAgweeks)- Sufficient tumor uptake was
analyzed using somatostatin receptor imaging (®®Ga-DOTATATE or '8F-SiTATE positron-
emission-tomography combined with computed tomography (PET/CT)) prior to PRRT.
This registry study was performed in compliance with the principles of the Declaration
of Helsinki and its subsequent amendments, and with the approval of the local ethics
committee (approval number 21-0102).
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2.2. Radiopeptides

Radiolabeling of ”’Lu-HA-DOTATATE was performed as stated in a previously
described protocol, with slight modifications [19]. In the production process of 7/Lu-HA-
DOTATATE, non-carrier added 77 Lutetium (EndolucinBeta®) was obtained from Isotope
Technologies Munich S.E (Garching, Germany). DOTA-3-iodo-Tyr3-octreotate in GMP
quality was provided by SCINTOMICS Molecular, Applied Theranostics Technologies
GmbH (Fiirstenfeldbruck, Germany). The precursor HA-DOTATATE (80 nmol or 125 pg)
dissolved in 0.4 M sodium-acetate buffer (pH 4.5, 1.5 mL) was directly added to the ”/Lu-
vial (7.6 GBq ”7Lu in approx. 200 uL 0.04 M HCI) and the mixture was heated for 20 min
at 95 °C. The labeled product was directly diluted with 9 mL WFI (B.Braun, Melsungen,
Germany) without further purification steps. The resulting solution was passed through
a 0.22-um filter into a sterile injection vial and dispensed for injection. A sample was
taken for determination of identity, radiochemical purity, pH, apyrogenicity and sterility
(after decay).

Lutathera® was obtained commercially from Advanced Accelerator Applications, a
Novartis Company (Colleretto Giacosa, Italy).

2.3. 771 y-HA-DOTATATE Treatment

Biotherapy with somatostatin analogs (SSA) was paused at least 28 days prior to
each treatment cycle. For nephroprotection, co-infusion of positively charged amino
acids (2.5% Lysine and 2.5% Arginine) was started 30 min before each cycle. 7 Lu-HA-
DOTATATE and Lutathera® were injected intravenously within 30 + 10 min according to
previous published injection recommendations.

2.4. Evaluation of Toxicity

Pre-PRRT laboratory analyses were performed one day prior to each treatment cycle.
To evaluate any therapy associated hemato- or nephrotoxicity, patients underwent two
follow-up examinations: follow-up 1 was performed in between the second and third
therapy cycle and follow-up 2 after the termination of the fourth PRRT cycle. In both the
Lutatheragyeeks and HAgyeeks group, follow-up 1 was performed after a mean time of
15 £ 1 weeks after the first PRRT cycle and follow-up 2 was performed after a mean time
of 19 + 0.4 weeks after follow-up 1. Patients of the Lutathera,gapteq and the HAygapted
group had follow-up 1 after a mean time of 19 £ 0.5 weeks after PRRT initiation and follow-
up 2 after a mean time of 23 & 0.1 weeks after follow-up 1. Hematological parameters
including hemoglobin, white blood cell (WBC) and platelet (PLT) counts, neutrophils,
lymphocytes and creatinine were collected before treatment cycles and during follow-up
examinations and changes between the different time points of laboratory analyses were
noted as absolute and percentage changes. Common Terminology Criteria for Adverse
Events version 5.0 (CTCAE v5.0) were used for grading hematological parameters. CTCAE
grades for decreased PLT, neutrophil and lymphocyte counts, as well as anemia, are
shown in Table 1. Patients with the same toxicity grading before and after PRRT, as well
as patients who improved their grading in hematological toxicity, were excluded from
this analysis. Measurements of tubular extraction rate (TER) resulted from *™Tc-MAG3
renal scintigraphies performed prior to each cycle and after the end of treatment. To
evaluate the development (recovery trend) of blood values in the further course after PRRT,
hematological and renal parameters of patients in all four subgroups were frequently
sampled from the referring endocrinologists and/or oncologist and were correlated with
the time (weeks) after follow-up 2. These blood values were collected after a mean time
after follow-up 2 of 41.7 & 27.1 weeks in the Lutatheragecxs group, 30.4 £ 19.7 weeks in
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the Lutathera,qapted group, 50.5 & 29.2 weeks in the HAgyeeks group and 58.9 + 41.1 weeks
in the HA,qapted group.

Table 1. Common Terminology Criteria for Adverse Events version 5.0 (CTCAE v5.0) for decreased
platelet (PLT), neutrophil and lymphocyte counts and anemia. LLN—lower limit of normal.

Grade 1 Grade 2 Grade 3 Grade 4
PLT count decreased <LLN to 75.000/uL  50.000-75.000/uL  25.000-50.000/ L <25.000/uL
Anemia <LLN to 10 g/dL 8.0-10.0 g/dL <8.0g/dL life-threatening consequences
Neutrophil count decreased <LLN to 1.500/uL 1.000-1.500/ puL. 500-1.000/uL <500/ uL
Lymphocyte count decreased <LLN to 800/uL 500-800/ 1L 200-500/ uLL <200/ uL

2.5. Statistical Analysis

Data are reported as mean =+ standard deviation, as stated. Demographics were
compared between groups using Student’s t-test for metric variables and a Chi-squared
test for non-metric data. Statistical comparison of absolute blood counts within all four
groups was performed using Student’s f-test for normally distributed data (reported as
mean) and a Mann-Whitney test for not normally distributed data (reported as median).
Relative percentage changes were compared between the 4 groups using a two-way Anova
test. p-values were adjusted to multiple comparisons using Tukey’s multiple comparison
test. Percentage recovery of blood values was correlated with the time (weeks) after
follow-up 2 using a Pearson’s correlation coefficient and easy linear regression. GraphPad
Prism (version 8.4.3, GraphPad Software Inc., San Diego, CA, USA) was used for the
statistical analysis and illustration of results. A significance level of p < 0.05 was applied in
all analyses.

3. Results
3.1. Radiolabelling

Radiochemical purity was determined by radio-HPLC and ITLC and was always
greater than 98%. Radio-TLC was carried out using ITLC-SG (SGI0001) strips (Agilent,
Waldbronn, Germany) in 0.1 M citrate buffer (pH 5.0). More than 98% of the applied ra-
dioactivity appeared at R 0-0.1, representing the respective 1””Lu-labeled peptide, whereas
uncomplexed 77Lu (as Lu-citrate) appeared at R¢ 0.9-1.0. Using a second radio-TLC system
with ammonium acetate (77 g/L)/methanol (50/50 v/v) as mobile phase, the respective
177Lu-labeled peptides were detected at R¢ 0.8-1.0, whereas '7”Lu3* or 17’ Lu-colloids ap-
peared at R¢ 0-0.1. The pH of the injected substance was between 4 and 6. Identity was
tested using non-radioactive Lu-HA-DOTATATE by HPLC. The radioactive preparations
were also tested according to Eur. Pharm for apyrogenicity and sterility and each prepara-
tion met the specifications.

3.2. Patients

A total number of 46 patients (n = 22 male; n = 24 female) with a mean age of
67 £ 0.7 years underwent all four PRRT cycles. Inclusion criteria for PRRT included pa-
tients with well-differentiated GEP-NETs (G1/2) with progression under ongoing SSI
therapy and sufficient uptake on SSTR imaging. Primary tumor sites were the small in-
testine (ileum 7 = 20, jejunum n = 1, n.s. n = 3), rectum (n = 2), pancreas (n = 15) and
stomach (n = 2). In three patients, the primary tumor site was not detectable (carcinoma
of unknown primary, CUP). Metastatic locations included the liver (n = 43), the lymph
nodes (n = 27), bone (n = 17), lung (n = 1) and peritoneal (n = 16) lesions. The majority of
patients underwent surgery (n = 29) and biotherapy with somatostatin analogs (n = 32)
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before the administration of PRRT. Further treatments before PRRT included chemotherapy
(capecitabine/temozolomide (CAPTEM) n = 6, streptozocin/5-fluorouracil n = 3, folinic
acid /5-fluoruracil/ oxaliplatin (FOLFOX) n = 1, gemcitabine n = 1) and everolimus (1 = 1).
Patient demographics are shown in Table 2. During four cycles of PRRT, the overall injected
activity of all subgroups amounted to 29,066 MBq in the Lutatheragyeeks group, 29,068 MBq
in the Lutathera,gapted group, 29,168 MBq in the HAgyeeks group and 29,612 MBq in the
HAgdapted group. Significant differences in mean average activities applied to the four
subgroups at every cycle of PRRT were detected at the second (Lutatheragyeeks 7262 Vs.
HAgyeeks 7388 MBq, p = 0.014; Lutatheragyeeks 7262 vs. HAgdapted 7403 MBq, p = 0.005),
third (Lutathera,qapted 7243 vs. HAdapted 7406 MBq, p = 0.018) and fourth (Lutatheragyeeks
7290 vs. HAgdapted 7436 MBq, p = 0.034) PRRT cycle.

Table 2. Patient characteristics. @—male. 9—female.

(Mean + SD) All Lutatheragyeers ~ Lutathera,gapted HAgweeks HA dapted p-Value
n 46 16 10 10 10
Sex 22924 31096 37 595 7496 0.426
Age [y] 66.5 £ 0.7 67.5£12 659 £ 11 66.1 £13 66.6 £ 11 0.985
Time since initial 476 + 16 64.1 = 66 575+ 42 405 + 48 283 + 34 0.337
diagnosis [m]
Ki-67 [%] 73+16 76 57+£3 9.6 £5 76 0.431
Gudig  Gu%  Gawens  Ganer  Games  Gonos | Vom
3.3. Therapy Associated Toxicity During PRRT
3.3.1. CTCAE Assessment
Table 3 shows the respective number of patients in each subgroup with CTCAE grading
of anemia, thrombocytopenia, neutropenia and lymphocytopenia before and after therapy.
Prior to PRRT, no severe subacute hematotoxicity (grade 3/4) was detected in any patient
of the subgroups. After termination of PRRT, still no grade 3 or 4 anemia or neutropenia
was registered in any of the treatment groups. The HA gpted group showed one case
(1/10, 10%) of grade 3 thrombocytopenia after therapy, whereas no patients with grade 3 or
4 thrombocytopenia were detected in the Lutatheragyeexs, Lutatheraygapteq and HAgyeeks
group. Severe subacute lymphocytopenia (grade 3) was observed in 7/16 (44%) patients of
the Lutatherag,yeeks group, 3/10 (30%) patients of the Lutathera,qapteq group, 2/10 (20%)
patients of the HAgyeeks group and 8/10 (80%) patients of the HA,qapteq group. Moreover,
only one patient with grade 4 lymphocytopenia was detected in the Lutathera,gapted
group (1/10, 10%). Patients who underwent chemotherapy in the past (n = 11) did not
show higher rates of severe subacute hematotoxicity compared to patients without any
chemotherapy pretreatment.
Table 3. Number of patients in all therapy subgroups with evidence of hematological toxicity
according to CTCAE v5.0 criteria prior to and after termination of PRRT.
Anemia Thrombocytopenia  Neutropenia Lymphocytopenia
CTCAE grade 1 2 3 1 2 3 1 2 3 1 2 3 4
Prior to PRRT
Lutatheragyeeks - - - - - - - - - - - -
Lutathera,gapted 1 - - - - - 1 - - 3 1 - -




Cancers 2025, 17, 1423 7 of 15
Table 3. Cont.
Anemia Thrombocytopenia  Neutropenia Lymphocytopenia
CTCAE grade 1 2 3 1 2 3 1 2 3 1 2 3 4
Prior to PRRT
HAgweeks e
HAdapted - - - e e e 1 - -
After 4 cycles of PRRT

Lutatheragyeeks 8 - 4 - - 1 - - 1 1 7 -
Lutathera,gapted 4 2 - 3 - - 1 1 - - 3 3 1
HAgyeeks 2 1 - 7 - - - 1 - 6 2 -
HA dapted 3 1 - 4 1 1 1 1 - - 8 -

3.3.2. Comparison of Absolute Blood Counts Before and After PRRT Within Each Subgroup

Table 4 shows absolute blood values of hemoglobin, PLT counts, WBC counts, neu-
trophil granulocytes and lymphocytes for all four therapy groups prior to compared to after
PRRT (follow-up 2). In comparison to blood counts prior to PRRT, all subgroups showed a
significant decrease in absolute PLT counts, WBC counts, neutrophil granulocyte counts
and lymphocyte counts at follow-up 2. A significant reduction in absolute hemoglobin
levels when comparing pre-PRRT values to values at follow-up 2 was detected in the
Lutatheragyeeks, HAgweeks and HAggapted Subgroups. However, the Lutathera,qapted group
showed no significant decrease in absolute hemoglobin levels after PRRT.

Table 4. Absolute blood counts of hemoglobin, PLT, WBC, neutrophil granulocytes and lym-
phocytes as well as creatinine and total-TER within each subgroup before and after PRRT, with
corresponding p-values.

Lutatheragyeeis Prior to
PRRT vs. Lutatheragyeeks

Lutathera,qapieq Prior to

PRRT vs. Lutathera,g,ped HAsweeks Prior to PRRT

vs. HAgyeeks After PRRT

HAjdapteq Prior to PRRT
vs. HA dapted After PRRT

After PRRT After PRRT
Hemoglobin 13.73 vs. 12.36, 12.75 vs. 11.27, 13.8 vs. 11.25, 13.66 vs. 11.82,
[mg/dL] p=0011 p =0.062 p=0.02 p =0.041
PLT counts 273.3 vs. 202.8, 256.8 vs. 181, 281.3 vs. 143.5, 271.3 vs. 139.6,
[G/L] p=0.024 p=0.017 p < 0.0001 p =0.001
C\(/)\{llict:s 7.0 vs. 4.79, 6.63 vs. 4.32, 6.78 vs. 4.25, 6.93 vs. 3.43,
= = = <
[G/L] p =0.002 p=0.021 p =0.001 p < 0.0001
N;l;ﬁﬁgfle 4.61vs. 3.45, 4.48vs. 3.0, 4.45vs.2.89, 44 vs. 244,
eytes [G/L] p =001 p=0.027 p =0.009 p =0.001
Lymphocytes 1.38 vs. 0.54, 1.21 vs. 0.57, 1.54 vs. 0.68, 1.81 vs. 0.43,
[G/L] p=0.02 p=0.01 p < 0.0001 p < 0.0001
Creatinine 0.9 vs. 0.87, 0.77 vs. 0.82, 0.85 vs. 0.85, 0.79 vs. 0.8,
[mg/dL] p=0.36 p =0.566 p =0.989 p=0.881
Total-TER 201.9 vs. 191.3, 217.5 vs. 210.5, 211.4 vs. 189, 228.4 vs. 210.7,
[mL/min] p=0.627 p=10.288 p =0.357 p=0.365
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3.3.3. Comparison of Percentage Changes in Hematological and Renal Parameters Between
the Subgroups

Hemoglobin, Creatinine and TER

Figure 1 shows percentage changes of hemoglobin, PLT counts, WBC counts, crea-
tinine and TER compared between the subgroups over the course of PRRT. There were
no significant differences in the percentage changes of hemoglobin, creatinine and TER
between Lutatheragyecks vs. Lutatheraygapted, HAgweeks VS. HAadapted, Lutatheragyeeks
vs. HAgyeeks, Or Lutatheraaqapted vs. HAadapted, respectively, when comparing values at
baseline (prior to PRRT) with values at follow-up 1 and follow-up 2. Furthermore, there
were no significant changes in between follow-up 1 and 2. Also, a cross-comparison be-
tween Lutatheragyeeks and Lutatheraqapteq as well as HAgyyeeks and HAzgapted showed no
significant difference in hemoglobin, creatinine and TER values (p > 0.05, each) (Figure 1).
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Figure 1. Changes (%) of (a) hemoglobin, (b) PLT count, (c) WBC count, (d) serum creatinine and
(e) TER at three time points during PRRT compared between each subgroup. PLT count—platelet
count. WBC count—white blood cell count. TER—tubular extraction rate. * = p < 0.05. ** = p < 0.01.
*** =p <0.001.

WBC Counts

WBC counts of the HA;qapteq group decreased significantly in their percentage
changes as follows: HA,qapteq patients demonstrated a significantly higher decline (%)
of WBC counts in between follow-up 1 and follow-up 2 when compared to HAgyeeks
(HAqdapted = =252 £ 19 vs. HAgyeeks —2 + 22.1 [%]; p = 0.032) but not when com-
paring WBC counts prior to PRRT and at follow-up 2 (HAugapteda = —49.9 £ 11.7 vs.
HAgweeks —35.4 = 17.2 [%]; p = 0.31). HA gapted patients also showed a significantly higher
decline (%) of WBC counts in between follow up 1 and 2 (HAagapted = —25.2 & 19 vs.
Lutatheragyeexs = +6.6 = 27.4 [%]; p = 0.0003) and when comparing WBC counts prior
to PRRT and at follow-up 2 to Lutatheragyeeks patients (HAygapted = —49.9 £ 11.7 vs.
Lutatheragyeers = —26.3 £ 19.2 [%]; p = 0.011) (Figure 1).

There were no significant differences in percentage changes in WBC counts between
Lutatheragyeeks vs. Lutatheraygapted, Lutatheraagapted vs. HAgdapted and Lutatheragyeeks
vs. HAgyeeks, Tespectively.
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PLT Counts

PLT counts decreased significantly as follows:

HAgyeeks: HAgweeks patients presented a significantly higher reduction (%) of PLT
counts at follow-up 1 in contrast to values prior to PRRT when compared to the
Lutatheragyecks group (HAgyeeks = —34.7 & 16.9 vs. Lutatheragyeeks = —15.1 £ 14.5 [%];
p = 0.023). Moreover, patients of the HAgy.ceks group also showed a significantly
higher decline (%) of PLT counts at follow-up 2 in comparison to values prior to
PRRT when compared to Lutatheragyeexs patients (HAgyeeks = —48.3 £ 16.9 vs.
Lutatheragyeexs = —24.1 &= 15.1 [%]; p = 0.003) as well as when compared to patients
of Lutathera,gapted (HAgweeks = —48.3 & 16.9 vs. Lutatheraygapteq = —28.3 £ 17.2 [%];
p = 0.042) (Figure 1).

HAjdapted: A significantly higher decline (%) of PLT counts in between follow-up 1
and follow-up 2 was measured in HA,gapteq patients in comparison to Lutathera,qapted
patients (HAagapteq = —32.1 & 30.2 vs. Lutathera,gapteq = —6.8 &= 17.1 [%], p = 0.005)
as well as in comparison to Lutatheragyeexs patients (HAagapted = —32.1 & 30.2 vs.
Lutatheragyeeks = —15.1 + 14.5 [%], p = 0.01). HAyqapted patients also demonstrated a
significantly higher decline (%) of PLT counts at follow-up 2 (HAqapteq = —46.1 £ 22.9
vs. Lutatheragyeexs = —24.1 = 15.1 [%], p = 0.008) when compared to baseline values
of Lutatheragecks patients (Figure 1).

3.3.4. Recovery Trends of Hematological and Renal Parameters of All Therapy Subgroups

Hemoglobin, PLT counts, WBC counts and creatinine were regularly measured after

PRRT in order to monitor recovery trends up to a mean time after follow-up 2 of 58.9 weeks.

Figures 2-5 show the progression of these hematological and renal parameters over the

weeks after follow-up 2. These parameters are expressed as percentage changes compared

to values prior to PRRT. HAgapteq patients demonstrated a significant positive correlation

between the level of PLT counts and the time (in weeks) after follow-up 2 (r = 0.6, p < 0.0001).

Percentage of pre therapy count

Percentage of pre therapy count

140%—

120%—

N
=)
S
R
1

120% aF ge trend of in after L1 18 weeks 140% - b Per ge trend of h globin after Lutathera,gapted

120%

100%

]
80%

Percentage of pre therapy count

65% T ° r=0.04

T T T 60% T T T T T T T 1
0 50 100 0 20 40 60 80
Weeks after follow-up 2 Weeks after follow-up 2

c Percentage trend of hemoglobin after HAg ey d Percentage trend of hemoglobin after HAagapteq
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100% =] -
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Percentage of pre therapy count

60%

r=0.02
. . . r 60% . ; . ; ’ .
0 50 100 0 50 100 150

Weeks after follow-up 2 Weeks after follow-up 2

r=02

Figure 2. Hemoglobin levels expressed as percentages of values prior to PRRT and correlated with

weeks after follow-up 2. Blut dots mark individual hemoglobin values measured in the patients of the

different subgroups in the following weeks after PRRT. The dotted line shows the mean hemoglobin

value prior to PRRT.
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Figure 3. Platelet counts expressed as percentages of values prior to PRRT and correlated with weeks
after follow-up 2. Blut dots mark individual PLT counts measured in the patients of the different
subgroups in the following weeks after PRRT. The dotted line shows the mean PLT counts prior to
PRRT. PLT count—platelet count. **** = p < 0.0001.
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Figure 4. White blood cell counts expressed as percentages of values prior to PRRT and correlated
with weeks after follow-up 2. Blut dots mark individual WBC counts masured in the patients of the
different subgroups in the following weeks after PRRT. The dotted line shows the mean WBC counts
prior to PRRT. WBC count—white blood cell count.
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Figure 5. Creatinine expressed as percentages of values prior to PRRT and correlated with weeks
after follow-up 2. Blut dots mark individual creatinine values masured in the patients of the different
subgroups in the following weeks after PRRT. The dotted line shows the mean creatinine values prior
to PRRT.

No significant correlations in the recovery trends of PLT counts, hemoglobin, WBC
counts and creatinine after follow-up 2 could be detected in any of the other subgroups.

4. Discussion

In this study, we compared the hemato- and nephrotoxicity of PRRT with both locally
manufactured 7”Lu-HA-DOTATATE and Lutathera® and investigated the potential influ-
ence of different time intervals between PRRT cycles in patients with GEP-NETs G1/G2.

Previous studies showed that approximately 5-15% of patients develop subacute
hematological toxicity; Bergsma et al. investigated 320 NET patients treated with PRRT
with 77Lu-DOTATATE. Severe subacute hematotoxicity (grade 3/4) was found in 34/200
(11%) patients, including thrombocytopenia in 25 (8%), leukocytopenia in 17 (5%), anemia
in 10 (3%) and pancytopenia (1%) [14]. A similar occurrence of subacute hematological
toxicity (grade 3/4) was discovered by de Vries-Huizing et al. in 8/100 (8%) patients, while
mild/moderate hematotoxicity (grade 1/2) was seen in 38/100 (38%) patients [20]. In the
prospective observational study of 200 NET patients treated with 7/ Lu-DOTATATE PRRT
by Garske-Roman et al., 30/200 patients (15%) developed grade 3 or 4 hematotoxicity [21].

These findings are in line with our study results; there were no grade 3 or 4 anemia or
neutropenia detected in patients treated with 17”Lu-HA-DOTATATE and Lutathera®. Only
one case of severe subacute thrombocytopenia (grade 3) was detected in the HA gapted
group (1/10, 10%), whereas no grade 3 thrombocytopenia was found in patients treated
with Lutathera® or in the HAg,ccks group. However, more incidents of grade 3 lympho-
cytopenia were detected: 7/16 (44%) patients of the Lutatheragyeeks group, 3/10 (30%)
patients of the Lutatheraygapteq group, 2/10 (20%) patients of the HAgyeexs group and
8/10 (80%) patients of the HA gapted group showed severe subacute lymphocytopenia.
Only one patient with grade 4 lymphocytopenia was detected in the Lutathera,gapteq group
(1/10, 10%).
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Absolute and percentage changes in kidney function (creatinine, TER) remained
constant during PRRT in all subgroups and no nephrotoxicity within the observation time
was detected in any subgroup which is in line with previous studies that also unveiled
low incidents of nephrotoxicity. Garske-Roman et al. described grade 1 nephrotoxicity in
38/200 (19%) and grade 2 nephrotoxicity in only 8/200 (4%) patients [21].

All four subgroups showed a significant decrease in absolute blood values for
hemoglobin, PLT counts, WBC counts, neutrophil granulocytes and lymphocytes between,
prior to and after PRRT (p < 0.05, each), except for the absolute hemoglobin levels of the
Lutathera,gapted group. Regarding percentage changes in laboratory parameters, only
patients of the HAqapted and HAgyeeks group had a significant decrease in WBC and PLT
counts during the therapy course and/or after PRRT compared to the other subgroups.
There was no significant percentage degradation of any other hematological or renal pa-
rameter (hemoglobin, creatinine, TER) upon comparison between the subgroups. Only
patients with longer treatment intervals under 7/ Lu-HA-DOTATATE (HAadapted) showed
a statistically significant correlation regarding long-term recovery of PLT counts, while
all the other hematological and renal parameters showed no significant correlation in
this longer follow-up time in any of the subgroups. These results suggest that patients
who underwent treatment with locally manufactured 7”Lu-HA-DOTATATE might be at
higher risk of developing significant changes in their PLT and WBC counts directly after
PRRT compared to patients who underwent PRRT with Lutathera®, independently of
the treatment intervals. However, patients who were treated with locally manufactured
177Lu-HA-DOTATATE PRRT in intervals of 11 weeks might be the subgroup that has a
better long-term recovery of PLT counts after termination of PRRT compared to the other
subgroups. That said, it should be emphasized that an 11-week dose interval should only
be considered if tolerance to treatment is not associated with decreased treatment efficacy.

This overall low to moderate incidence of significant changes in hematological pa-
rameters directly after PRRT is in line with previous studies that could demonstrate a low
absorbed dose of less than 0.2 Gy per treatment cycle of 7.4 GBq [22] even if individual
risk factors of patients might have a relevant impact on the prediction of toxicity [14].
Overall, the 11 patients of our study, who received chemotherapy prior to PRRT, showed
similar rates of severe subacute hematotoxicity (grade 3) in comparison to patients that
were not treated with chemotherapy beforehand. That suggests that pre-treatment with
chemotherapy prior to PRRT is safe and not necessarily associated with hematotoxicity in
the observational period we have included in this study, even if the number of patients with
prior chemotherapy is small. Our findings support a previous paper by Fross-Baron et al.,
who reported hematotoxicity following PRRT being not related to previous chemotherapy
regimens in 102 patients with advanced pancreatic NETs [23]. Given the increasing fre-
quency of the use of PRRT also for other somatostatin receptor-expressing tumor entities
such as lung carcinoids, pheochromocytoma/paraganglioma (PPGLs) and meningiomas,
the results of our study motivate that also the use of locally manufactured 7’ Lu-HA-
DOTATATE can be a safe treatment option without too many hematotoxic side effects
within the first year after therapy.

A limiting factor of this study is the relatively small cohort size and the heterogeneity
of pre-treatments. In addition, for assessing recovery trends of hematological parameters,
the collection of blood values after the termination of PRRT was not uniform (range:
30.4-58.9 weeks after follow-up 2), while long-term follow-up data that are extending the
time span of more than one year are currently missing. Given the risk of developing
hematological diseases such as myelodysplastic syndrome or acute myeloid leukemia
years after PRRT, longer observational periods than that performed in this study are
crucial [6,24-26].
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5. Conclusions

Comparing the hematotoxicity in patients that were treated with locally manufactured
77Lu-HA-DOTATATE to patients that were treated with Lutathera® and assessing different
treatment intervals in both groups (8 vs. 11 weeks) revealed that there is overall a low to
moderate incidence of significant changes in hematological and renal parameters within
the first year after therapy. These changes primarily relate to a significant percentage
decrease in WBC and PLT counts in patients treated with locally manufactured 7/ Lu-
HA-DOTATATE directly after four cycles of PRRT. Recovery trends of hematological and
renal parameters up to one year after PRRT suggest that patients treated with locally
manufactured ””Lu-HA-DOTATATE might benefit from a longer treatment interval of
11 weeks regarding their PLT counts. Prospective trials including longer observational
periods than performed in this study are needed to assess the impact of PRRT-induced
hematotoxicities to develop diseases such as therapy-related myeloid neoplasms [27].

Author Contributions: Conceptualization, M.H., L.B. and L.M.U.; methodology, M.H., L.B. and
LM.U,; software, M.H; validation, M.U., A.H., ].T.,, S.CK,, CJ.A., C.S. and M.].Z.; formal analysis,
MU, AH, ].T, SCK, CJ.A, CS,, AD., HI, JR, EJ.G. and M.J.Z.; investigation, M.H., L.B.
and L.M.U,; resources, L.B. and L.M.U.; data curation, M.H. and L.M.U.; writing—original draft
preparation, M.H., L.B. and L.M.U.; writing—review and editing, M.H., L.B. and L.M.U.; visualization,
M.H.; supervision, M.U., AH,,J.T,,S.CK,, C]J.A,, CS,, E].G. and M.].Z.; project administration, L. M.U.
and L.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of LMU Munich (21-0102). The date of
approval of the ethics application is 13.09.2021.

Informed Consent Statement: Informed consent to undergo PRRT, PET/CT scans and laboratory
testing was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author due to specific reasons.

Conflicts of Interest: The authors declare no conflicts of interest relevant to this article. L.B. is an
employee of Novartis Radiopharmaceuticals.

References

1.

Riihiméki, M.; Hemminki, A.; Sundquist, K.; Sundquist, J.; Hemminki, K. The epidemiology of metastases in neuroendocrine
tumors. Int. . Cancer. 2016, 139, 2679-2686. [CrossRef]

Oronsky, B.; Ma, P.C.; Morgensztern, D.; Carter, C.A. Nothing But NET: A Review of Neuroendocrine Tumors and Carcinomas.
Neoplasia 2017, 19, 991-1002. [CrossRef] [PubMed]

Federfiihrende Fachgesellschaft: Deutsche Gesellschaft fiir Gastroenterologie, Verdauungs- und Stoffwechselkrankheiten (DGVS);
Beteiligte Fachgesellschaften: Netzwerk Neuroendokrine Tumoren (NeT) e.V. (Patientenvertretung); Bundesorganisation Selb-
sthilfe NeuroEndokrine Tumoren e.V. (NET-sgh) (Patientenvertretung); Deutsche Gesellschaft fiir Himatologie und Medi-
zinische Onkologie e.V. (DGHO); Arbeitsgemeinschaft Internistische Onkologie (AIO) der Deutschen Krebsgesellschaft e.V;
Deutsche Gesellschaft fiir Allgemein- und Viszeralchirurgie e.V. (DGAV); Deutsche Gesellschaft fiir Chirurgie (DGCH); Deutsche
Gesellschaft fiir Endoskopie und Bildgebende Verfahren (DGEBV); Deutsche Gesellschaft fiir Nuklearmedizin e.V. (DGNM);
Deutsche Gesellschaft fiir Innere Medizin (DGIM); et al. S2k-Leitlinie Neuroendokrine Tumore. Z. Gastroenterol. 2018, 56, 583-681.
[CrossRef] [PubMed]

Falconi, M.; Eriksson, B.; Kaltsas, G.; Bartsch, D.K.; Capdevila, J.; Caplin, M.; Kos-Kudla, B.; Kwekkeboom, D.; Rindi, G.; Kloppel,
G.; et al. ENETS Consensus Guidelines Update for the Management of Patients with Functional Pancreatic Neuroendocrine
Tumors and Non-Functional Pancreatic Neuroendocrine Tumors. Neuroendocrinology 2016, 103, 153-171. [CrossRef]
Garcia-Carbonero, R.; Sorbye, H.; Baudin, E.; Raymond, E.; Wiedenmann, B.; Niederle, B.; Sedlackova, E.; Toumpanakis, C.;
Anlauf, M.; Cwikla, ].M.; et al. ENETS Consensus Guidelines for High-Grade Gastroenteropancreatic Neuroendocrine Tumors
and Neuroendocrine Carcinomas. Neuroendocrinology 2016, 103, 186-194. [CrossRef] [PubMed]


https://doi.org/10.1002/ijc.30400
https://doi.org/10.1016/j.neo.2017.09.002
https://www.ncbi.nlm.nih.gov/pubmed/29091800
https://doi.org/10.1055/a-0604-2924
https://www.ncbi.nlm.nih.gov/pubmed/29890561
https://doi.org/10.1159/000443171
https://doi.org/10.1159/000443172
https://www.ncbi.nlm.nih.gov/pubmed/26731334

Cancers 2025, 17,1423 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Strosberg, J.R.; Caplin, M.E.; Kunz, P.L.; Ruszniewski, P.B.; Bodei, L.; Hendifar, A.; Mittra, E.; Wolin, E.M.; Yao, ].C.; Pavel, M.E,;
et al. I””Lu-Dotatate plus long-acting octreotide versus high dose long-acting octreotide in patients with midgut neuroendocrine
tumours (NETTER-1): Final overall survival and long-term safety results from an open-label, randomised, controlled, phase 3
trial. Lancet Oncol. 2021, 22, 1752-1763. [CrossRef]

Hennrich, U.; Kopka, K. Lutathera®: The First FDA- and EMA-Approved Radiopharmaceutical for Peptide Receptor Radionuclide
Therapy. Pharmaceuticals 2019, 12, 114. [CrossRef]

Advanced Accelerator Applications. Lutathera® Summary of Product Characteristics. Available online: https://www.ema.
europa.eu/en/documents/product-information/lutathera-epar-product-information_en.pdf (accessed on 7 February 2023).
Das, S.; Al-Toubah, T.; El-Haddad, G.; Strosberg, J. 1771,u-DOTATATE for the treatment of gastroenteropancreatic neuroendocrine
tumors. Expert. Rev. Gastroenterol. Hepatol. 2019, 13, 1023-1031. [CrossRef]

Advanced Accelerator Applications. Product Monograph LUTATHERA®. Available online: https://www.samnordic.se/wp-
content/uploads/2018/05/LUTATHERA-MONOGRAPH-120218.pdf (accessed on 7 February 2023).

Brogsitter, C.; Schottelius, M.; Zophel, K.; Kotzerke, J.; Wester, H.]. Twins in spirit: DOTATATE and high-affinity DOTATATE. Eur.
J. Nucl. Med. Mol. Imaging 2013, 40, 1789. [CrossRef]

Shaheen, S.; Moradi, F.; Gamino, G.; Kunz, P.L. Patient Selection and Toxicities of PRRT for Metastatic Neuroendocrine Tumors
and Research Opportunities. Curr. Treat. Options Oncol. 2020, 21, 25. [CrossRef]

Becx, M.N.; Minczeles, N.S.; Brabander, T.; Herder WW de Nonnekens, J.; Hofland, J. A Clinical Guide to Peptide Receptor
Radionuclide Therapy with 1771, u-DOTATATE in Neuroendocrine Tumor Patients. Cancers 2022, 14, 5792. [CrossRef] [PubMed]
Bergsma, H.; Konijnenberg, M.W.; Kam, B.L.R.; Teunissen, ].].M.; Kooij, PP; de Herder, WW.; Franssen, G.J.H.; van Eijck,
C.HJ.; Krenning, E.P.; Kwekkeboom, D.J. Subacute haematotoxicity after PRRT with 1771 u-DOTA-octreotate: Prognostic factors,
incidence and course. Eur. J. Nucl. Med. Mol. Imaging 2016, 43, 453—463. [CrossRef] [PubMed]

Geenen, L.; Nonnekens, ].; Konijnenberg, M.; Baatout, S.; De Jong, M.; Aerts, A. Overcoming nephrotoxicity in peptide receptor
radionuclide therapy using 177LuLu-DOTA-TATE for the treatment of neuroendocrine tumours. Nucl. Med. Biol. 2021, 102-103,
1-11. [CrossRef] [PubMed]

Bodei, L.; Schoder, H.; Baum, R.P.; Herrmann, K.; Strosberg, J.; Caplin, M.; Oberg, K.; Modlin, I.M. Molecular profiling of
neuroendocrine tumours to predict response and toxicity to peptide receptor radionuclide therapy. Lancet Oncol. 2020, 21,
e431-e443. [CrossRef]

Bodei, L.; Cremonesi, M.; Ferrari, M.; Pacifici, M.; Grana, C.M.; Bartolomei, M.; Baio, S.M.; Sansovini, M.; Paganelli, G. Long-term
evaluation of renal toxicity after peptide receptor radionuclide therapy with 90Y-DOTATOC and '””Lu-DOTATATE: The role of
associated risk factors. Eur. J. Nucl. Med. Mol. Imaging 2008, 35, 1847-1856. [CrossRef]

Hope, T.A.; Bodei, L.; Chan, J.A.; El-Haddad, G.; Fidelman, N.; Kunz, PL.; Mailman, J.; Menda, Y.; Metz, D.C.; Mittra, E.S,;
et al. NANETS/SNMMI Consensus Statement on Patient Selection and Appropriate Use of 177 Lu-DOTATATE Peptide Receptor
Radionuclide Therapy. J. Nucl. Med. 2020, 61, 222-227. [CrossRef]

Ilhan, H.; Wang, H.; Gildehaus, E]J.; Wangler, C.; Herrler, T.; Todica, A.; Schlichtiger, J.; Cumming, P.; Bartenstein, P.; Hacker, M.;
et al. Nephroprotective effects of enalapril after 7”Lu-DOTATATE therapy using serial renal scintigraphies in a murine model of
radiation-induced nephropathy. EJNMMI Res. 2016, 6, 64. [CrossRef]

de Vries-Huizing, D.M.V.; Versleijen, M.W.].; Sinaasappel, M.; Walraven, I.; Geluk-Jonker, M.M.; Tesselaar, M.E.T.; Hendrikx,
JJ.M.A_; Veen, B.].d.W.d.; Stokkel, M.P.M. Haematotoxicity during peptide receptor radionuclide therapy: Baseline parameters
differences and effect on patient’s therapy course. PLoS ONE 2021, 16, e0260073. [CrossRef]

Garske-Roman, U.; Sandstrom, M.; Fross Baron, K.; Lundin, L.; Hellman, P.; Welin, S.; Johansson, S.; Khan, T.; Lundqvist, H.;
Eriksson, B.; et al. Prospective observational study of 1’/ Lu-DOTA-octreotate therapy in 200 patients with advanced metastasized
neuroendocrine tumours (NETs): Feasibility and impact of a dosimetry-guided study protocol on outcome and toxicity. Eur. J.
Nucl. Med. Mol. Imaging 2018, 45, 970-988. [CrossRef]

Svensson, J.; Berg, G.; Wangberg, B.; Larsson, M.; Forssell-Aronsson, E.; Bernhardt, P. Renal function affects absorbed dose to
the kidneys and haematological toxicity during 7’ Lu-DOTATATE treatment. Eur. J. Nucl. Med. Mol. Imaging 2015, 42, 947-955.
[CrossRef]

Fross-Baron, K.; Garske-Roman, U.; Welin, S.; Granberg, D.; Eriksson, B.; Khan, T.; Sandstrom, M.; Sundin, A. 177Lu-DOTATATE
Therapy of Advanced Pancreatic Neuroendocrine Tumors Heavily Pretreated with Chemotherapy: Analysis of Outcome, Safety,
and Their Determinants. Neuroendocrinology 2021, 111, 330-343. [CrossRef] [PubMed]

Chantadisai, M.; Kulkarni, H.R.; Baum, R.P. Therapy-related myeloid neoplasm after peptide receptor radionuclide therapy
(PRRT) in 1631 patients from our 20 years of experiences: Prognostic parameters and overall survival. Eur. ]. Nucl. Med. Mol.
Imaging 2021, 48, 1390-1398. [CrossRef] [PubMed]

Sonbol, M.B.; Halfdanarson, T.R.; Hilal, T. Assessment of Therapy-Related Myeloid Neoplasms in Patients With Neuroendocrine
Tumors After Peptide Receptor Radionuclide Therapy: A Systematic Review. JAMA Oncol. 2020, 6, 1086-1092. [CrossRef]
[PubMed]


https://doi.org/10.1016/S1470-2045(21)00572-6
https://doi.org/10.3390/ph12030114
https://www.ema.europa.eu/en/documents/product-information/lutathera-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/lutathera-epar-product-information_en.pdf
https://doi.org/10.1080/17474124.2019.1685381
https://www.samnordic.se/wp-content/uploads/2018/05/LUTATHERA-MONOGRAPH-120218.pdf
https://www.samnordic.se/wp-content/uploads/2018/05/LUTATHERA-MONOGRAPH-120218.pdf
https://doi.org/10.1007/s00259-013-2497-5
https://doi.org/10.1007/s11864-020-0711-9
https://doi.org/10.3390/cancers14235792
https://www.ncbi.nlm.nih.gov/pubmed/36497273
https://doi.org/10.1007/s00259-015-3193-4
https://www.ncbi.nlm.nih.gov/pubmed/26419852
https://doi.org/10.1016/j.nucmedbio.2021.06.006
https://www.ncbi.nlm.nih.gov/pubmed/34242948
https://doi.org/10.1016/S1470-2045(20)30323-5
https://doi.org/10.1007/s00259-008-0778-1
https://doi.org/10.2967/jnumed.119.240911
https://doi.org/10.1186/s13550-016-0219-2
https://doi.org/10.1371/journal.pone.0260073
https://doi.org/10.1007/s00259-018-3945-z
https://doi.org/10.1007/s00259-015-3001-1
https://doi.org/10.1159/000506746
https://www.ncbi.nlm.nih.gov/pubmed/32097917
https://doi.org/10.1007/s00259-020-05127-9
https://www.ncbi.nlm.nih.gov/pubmed/33247328
https://doi.org/10.1001/jamaoncol.2020.0078
https://www.ncbi.nlm.nih.gov/pubmed/32297906

Cancers 2025, 17, 1423 15 of 15

26. Goncalves, I.; Burbury, K.; Michael, M.; Iravani, A.; Kumar, A.S.R,; Akhurst, T.; Tiong, I.S.; Blombery, P.; Hofman, M.S.;
Westerman, D.; et al. Characteristics and outcomes of therapy-related myeloid neoplasms after peptide receptor radionu-
clide/chemoradionuclide therapy (PRRT/PRCRT) for metastatic neuroendocrine neoplasia: A single-institution series. Eur. J.
Nucl. Med. Mol. Imaging 2019, 46, 1902-1910. [CrossRef]

27. Travaglini, S.; Marinoni, M.; Visconte, V.; Guarnera, L. Therapy-Related Myeloid Neoplasm: Biology and Mechanistic Aspects of
Malignant Progression. Biomedicines 2024, 12, 1054. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00259-019-04389-2
https://doi.org/10.3390/biomedicines12051054

	Introduction 
	Materials and Methods 
	Patient Enrollment 
	Radiopeptides 
	177Lu-HA-DOTATATE Treatment 
	Evaluation of Toxicity 
	Statistical Analysis 

	Results 
	Radiolabelling 
	Patients 
	Therapy Associated Toxicity During PRRT 
	CTCAE Assessment 
	Comparison of Absolute Blood Counts Before and After PRRT Within Each Subgroup 
	Comparison of Percentage Changes in Hematological and Renal Parameters Between the Subgroups 
	Recovery Trends of Hematological and Renal Parameters of All Therapy Subgroups 


	Discussion 
	Conclusions 
	References

