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Abstract 

Background  Following resection and standard adjuvant radio- and chemotherapy, approved maintenance therapies 
for glioblastoma are lacking. Intracavitary radioimmunotherapy (iRIT) with 177Lu-labeled 6A10-Fab fragments targeting 
tumor-associated carbonic anhydrase XII and injected into the resection cavity offers a novel and promising strategy 
for improved tumor control.

Methods  Three glioblastoma patients underwent tumor resection followed by standard radio- and chemotherapy. 
These patients with stable disease following completion of standard therapy underwent iRIT on compassionate 
grounds. After surgical implantation of a subcutaneous injection reservoir with a catheter into the resection cavity, 
a leakage test with [99mTc]Tc-DTPA was performed to rule out leakage into other cerebral compartments. IRIT com‑
prised three consecutive applications over three months for each patient, with 25%, 50%, 25% of the total activity 
injected. A dosimetry protocol was included with blood sampling and SPECT/CT of the abdomen to calculate doses 
for the bone marrow and kidneys as potential organs at risk.

Results  All three patients presented without relevant leakage after application of [99mTc]Tc-DTPA. Two patients 
underwent three full cycles of iRIT (592 MBq and 1228 MBq total activity). One patient showed histologically proven 
tumor progression after the second cycle (526 MBq total activity). No relevant therapy-associated toxicities or adverse 
events were observed. Dosimetry did not reveal absorbed doses above upper dose limits for organs at risk.

Conclusions  In first individual cases, iRIT with [177Lu]Lu-6A10-Fab appears to be feasible and safe, without therapy-
related side effects. A confirmatory multicenter phase-I-trial was recently opened and is currently recruiting.
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Background
Despite continuous efforts in basic science and clinical 
research, glioblastoma (GBM) is still associated with only 
poor prognosis. After surgical cytoreduction and stand-
ard adjuvant treatment with radiation and chemotherapy, 
approved maintenance therapies are lacking. In line with 
the infiltrative glioma biology, most disease recurrences 
are observed in close adjacency to the resection cavity [1]. 
Previously, local radioactively labelled therapies for treat-
ment of GBM [2, 3] have been reported. Different tumor 
microenvironment targets were addressed with antibod-
ies or antibody fragments labelled with ß-emitting iso-
topes, namely iodine-131, yttrium-90 or lutetium-177 
[2, 4–6]. Bypassing the brain-blood barrier, instillation 
of radiopharmaceuticals into the resection cavity allows 
for higher tumor-absorbed doses when compared to a 
solely intravenous application. Intracavitary radioimmu-
notherapy (iRIT) with an adaption of activity according 
to the resection cavity volume allows for a patient-spe-
cific treatment. Previous studies on iRIT with 90Y- and 
131I-labelled antibodies targeting tenascin C have shown 
prolonged survival of high-grade glioma patients [2].

Carbonic anhydrase XII (CA-XII) is a cell surface 
glycoprotein overexpressed on glioma cells but not in 
healthy brain parenchyma [7]. Evaluation of a 177Lu-
labelled antibody fragment, 6A10-Fab, showed promising 
results in preclinical in  vitro and in  vivo animal studies 
with high specific binding [4]. The use of smaller anti-
body fragments instead of a full antibody construct is 
associated with improved tissue penetration [4]. Finally, 

the theranostic radionuclide lutetium-177 allows for 
imaging, dosimetry and treatment at the same time.

The aim of this work is to report first clinical experi-
ences with iRIT using 177Lu-labeled 6A10-Fab, targeting 
tumor-associated CA-XII.

Materials and methods
Patients
Three patients underwent microsurgical resection of 
glioblastoma. After completion of concurrent radio-
chemotherapy and adjuvant chemotherapy, the patients 
presented with stable disease without relevant residual 
tumor on PET/MRI using the radiotracer [18F]Fluoro-
ethyl-L-tyrosine ([18F]FET) (Fig.  1). This was defined 
as absence of tumor suspicious [18F]FET-uptake (TBR-
max > 1.8). Residual contrast enhancement in a tissue 
volume below 1cm3 in MRI was tolerated. Based on a 
tumor board decision, fractionated iRIT with [177Lu]Lu-
6A10-Fab was offered on a compassionate use basis for 
maintenance therapy. All three patients gave informed 
consent and were treated before initiation of a prospec-
tive multicenter phase I trial (NCT05533242). All three 
patients were treated according to the study protocol 
with the exception of a different sequencing of activi-
ties (see below) without meeting the inclusion criteria 
because of slightly too small or too large resection cavi-
ties (n = 2) and contrast enhancement adjacent to the 
cavity (n = 1). Retrospective data analysis and publica-
tion of the three cases was approved by the local ethics 

Fig. 1  Radioimmunotherapy is applied after standard treatment of glioblastoma. Standard treatment includes surgical resection followed 
by radiotherapy and chemotherapy. Exemplary MRI, T1 post contrast and FLAIR of a right temporal glioblastoma, without contrast enhancing 
or [18F]FET-PET positive tumor
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committee (Ref: 2023-411-f-S; Ethik-Kommission West-
falen Lippe).

PET/MRI
Patients underwent dynamic [18F]FET-PET/MRI on a 
Siemens Biograph mMR 3-T PET/MRI system (Siemens 
Healthineers, Erlangen, Germany) before and 4–6 weeks 
after the last application of fractionated iRIT. [18F]FET-
PET was performed following the institutional stand-
ard protocol that is based on national and international 
recommendations. [18F]FET PET was performed with 
“listmode” acquisition, where data from each detection 
event are stored individually for retrospective data sort-
ing and reconstruction. Data were acquired for 40  min 
starting with the application of 2.5 MBq/kg bodyweight 
of [18F]FET and retrospectively sorted into 14 frames: 
1–5: 1  min, 6–10: 3  min, 11–14: 5  min. Additionally, 
20–40  min summation images were reconstructed 
for uptake quantification. The structural MRI proto-
col included 3D T1-weighted image stacks (MPRAGE) 
pre- and post-contrast agent injection (0.1–0.2  ml/kg 
Gadovist 1 mmol/ml; Bayer, Leverkusen, Germany) using 
a power injector. Additionally, 3D T2-weighted FLAIR, 
DTI, SWI and a T2*-weighted EPI image sets were 
obtained.

iRIT
All patients underwent surgical implantation of an 
injection reservoir (Codman Holter Rickham Reservoir 
9.5  mm, Integra LifeSciences, Princeton, NJ, USA) con-
nected to a central catheter (Codman Bactiseal, Integra 
LifeSciences, Princeton, NJ, USA) accessing the resection 
cavity (Fig. 1). Before initiation of iRIT all patients under-
went a test injection, using the implanted injection res-
ervoir, to rule out unintended leakage into the subgaleal, 
epidural, subdural or subarachnoid spaces. A median 
dose of 108 MBq [99mTc]Tc-DTPA in 1–1.5 ml fluid was 
administered after a similar amount of cerebrospinal 
fluid was withdrawn. Planar whole-body scintigraphy and 
SPECT/CT of the head were performed 30–60 min and 
4  h after application following institutional procedures 
adapted from [99mTc]Tc-DTPA cerebrospinal fluid scin-
tigraphy. After negative leakage testing, three consecutive 
courses of [177Lu]Lu-6A10-Fab were scheduled over three 
months. In a sterile fashion, the injection reservoir was 
accessed with a 21-gauge needle for injection of 1.2–3 ml 
of [177Lu]Lu-6A10-Fab directly after withdrawal of a 
similar volume of cerebrospinal fluid. The injected activ-
ity was adapted to the resection cavity volume, based on 
previously reported diffusion properties, pharmacoki-
netics and dosimetry evaluations of larger iRIT patient 
cohorts [4, 8]. The volume of the resection cavity was 
assessed on contrast-enhanced 3D T1-weighted MRI 

images using a semiautomatic contouring approach pro-
vided by the Syngo.via software (Siemens Healthineers, 
Erlangen, Germany).

The total activity calculated according to the afore-
mentioned study protocol was administered in a frac-
tionated fashion, with three doses given with four-week 
intervals. For safety reasons in first-in-man application, 
we started with 25% of the total activity followed by 50% 
and 25% instead of the 50–25–25% sequencing defined in 
the study protocol. After application of [177Lu]Lu-6A10 
Fab patients were isolated on a nuclear medicine ther-
apy ward until whole-body retention, as measured by 
the local radiation dose rate, reached the level legally 
required for patient discharge in Germany. Patients 
received brain edema prophylaxis with 3 × 4 mg/day dex-
amethasone for 4 days, starting 24 h before injection.

[177Lu]Lu‑6A10 Fab production
GMP Fab-CHX-A’’-DTPA fragment was produced by 
BIBITEC GmbH & Co. KG (Germany),no-carrier-added 
Lutetium-177 was been provided by ITM MI GmbH 
(Germany). Radiolabeling and GMP manufacturing of 
Lu-177-Fab fragment was performed at Seibersdorf 
Laboratories GmbH (Austria). The labelling process has 
already been described in a previous publication by Fie-
dler et al. [4]. In brief, the radiolabeling reaction has been 
performed in an acetate buffer solution by incubation of 
the Fab fragment and Lutetium-177 preparations at room 
temperature, followed by purification of the reaction 
mixture on PD-10 single-use column (Merck Germany). 
Final formulation has been adjusted with the sterile 
saline solution for injection. Radiochemical and chemi-
cal purity as well as identity of the final product has been 
monitored.

Dosimetry and TOXICITY
Dosimetry was performed as previously reported [9]. 
In brief: To assess abdominal organs, we used planar 
whole-body scintigraphy and SPECT/CT (Symbia T2; 
Siemens Healthineers, Erlangen, Germany) of the abdo-
men, approx. 2 h, 24 h, 48 h, 72 h and at a late time point 
5–7 days after injection (Additional file 1: Figure S1). Fur-
thermore, multiple blood samples were taken at the day 
of activity administration and at the time of scanning. 
Quantitative SPECT/CT image data were reconstructed 
as previously described [9]. To estimate absorbed kidney 
doses of kidneys and hematopoetic bone marrow, time-
integrated activities were derived from a linear interpo-
lation of available quantitative SPECT/CT and blood 
sample measurements and by assuming physical decay 
thereafter. Appropriate dose conversion factors were 
retrieved from the opendose.org website. SPECT/CT 
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of the brain was performed at the same time points to 
exclude leakage.

Standard blood work up was done before iRIT, at each 
treatment cycle and during follow-up. Assessment of tox-
icity was conducted following the Common Terminology 
Criteria for Adverse Events (CTCAE v5.0, https://​evs.​nci.​
nih.​gov/​ftp1/​CTCAE/).

Results
All patients underwent iRIT with [177Lu]Lu-6A10-Fab 
between 5/2021 and 7/2022. Patients 1 and 3 underwent 
all three cycles, whereas patient 2 underwent two cycles 
only.

Patient 1
A 41-year-old male, with transient motor aphasia at ini-
tial diagnosis, was diagnosed with a left parietal GBM 
(IDH-mutated, MGMT-methylated) in 2020, according 
to the 2016 WHO classification update. After gross total 
resection of the tumor the patient underwent standard 
radio- and chemotherapy. [18F]FET-PET/MR was per-
formed six month after initial resection and after radio-
chemotherapy. The volume of the resection cavity was 
measured as 4.5 ml. The leakage test did not reveal any 
relevant leakage (Fig.  2) into other cerebral structures. 
The patient underwent three courses of iRIT (cumulative 
activity: 592 MBq) without adverse events during or after 
application. 22 months after iRIT, at 38 months after ini-
tial diagnosis, the patient remains stable.

Patient 2
In a 56-year-old male, with left hemiparesis at initial 
diagnosis in 2021, imaging and histopathology revealed 
the diagnosis of a right parietal GBM (IDH-wildtype, 
MGMT-not-methylated). Following standard treatment 
with resection, radio- and chemotherapy, [18F]FET-PET/
MRI after standard therapy revealed contrast enhance-
ment adjacent to the resection cavity without a relevant 
[18F]FET hot spot. The decision was made to take a 
biopsy from this region. Histology revealed therapy-
associated changes and no residual or recurrent tumor 
and an injection reservoir for iRIT was implanted accord-
ingly. The postoperative resection cavity volume was 
7  ml. Initial [99mTc]Tc-DTPA leakage testing was nega-
tive. This patient received two cycles of iRIT (cumulative 
activity: 526  MBq). During the second cycle an asymp-
tomatic leakage into the subarachnoid space was noted 
(Fig. 3, Additional file 1: Figure S1). Three weeks after the 
second cycle the patient presented with seizures. Imag-
ing revealed progression of contrast enhancing tissue 
adjacent to the resection cavity with a hotspot in [18F]
FET-PET/MRI. After subsequent microsurgical resec-
tion, neuropathology found GBM cells resulting in the 
diagnosis of progressive disease. No further iRIT was 
performed, and the patient underwent re-irradiation and 
chemotherapy. (Fig. 3). The patient died six months after 
iRIT.

Patient 3
A 38-year-old female presented with a cystic central lob-
ule GBM (IDH-wildtype, MGMT-methylated). At initial 
diagnosis, the patient presented with paresthesias of the 
right foot and of the right arm. For functional reasons, 

Fig. 2  Patient 1 underwent gross total resection and radiochemotherapy. [18F]FET-PET/MRI did not show relevant residual tumor tissue. No relevant 
leakage was detected. Fourty-eight hours after application of the first cycle of iRIT, whole body imaging showed uptake in the resection cavity 
and in the kidneys

https://evs.nci.nih.gov/ftp1/CTCAE/
https://evs.nci.nih.gov/ftp1/CTCAE/
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a complete resection was not possible, and an injection 
reservoir was left for easy access to the space-occupying 
tumor cyst. Tapping the reservoir was not necessary dur-
ing adjuvant radio- and chemotherapy. Accordingly, in 
this patient, additional surgery for reservoir implantation 
was not necessary. The cavity measured 27  ml. Leakage 
testing was negative (Fig.  4). The patient received three 
cycles of iRIT (cumulative activity: 1288  MBq). Dur-
ing the second cycle, a low level of asymptomatic leak-
age into the spinal canal was detected. [18F]FET-PET/
MRI four weeks after iRIT showed stable disease without 
visible signs of tumor recurrence. The patient remains 
stable  10  months after iRIT and 22  months after initial 
diagnosis.

Toxicity and Dosimetry
There were no extracerebral adverse effects in bone mar-
row and kidneys attributable to iRIT in any of the subjects 
(Table  1). Patient 1 presented with alterations in blood 
levels of leukocytes, haemoglobin, and platelets already 
before RIT, no further degradation was observed after 
iRIT. Patient 3 showed slightly low but constant platelet 
counts during iRIT already present at baseline. Dosim-
etry did not reveal absorbed dose estimates above the 
upper dose limits for organs at risk. In all three patients, 
for the kidneys, the estimated absorbed dose was 

approximately 2.1 ± 1.4  mGy/MBq and 0.03 ± 0.01  mGy/
MBq for the hematopoietic bone marrow.

Discussion
We report on the first three consecutive patients treated 
with a novel [177Lu]Lu-6A10-Fab conjugate. Previous 
studies focusing on 90Y- or 131I-labelled antibodies were 
mainly targeting tenascin or other tumor microenviron-
ment targets in GBM [3, 10]. Only few antibodies against 
targets overexpressed directly on malignant glioma cells 
exist [11], such as CA-XII [12]. Targeting tumor cells 
directly improves effectiveness and reduces side effects. 
Moreover, ubiquitous expression of the target on the 
tumor cell, as previously reported for CA-XII [12, 13] is 
essential for a high therapeutic yield. High and long last-
ing radiochemical purity and specific binding with low 
expression in healthy brain are prerequisites of iRIT as 
highlighted in preclinical studies for [177Lu]Lu-6A10-Fab 
[4]. Because of the infiltrative growth of glioma, most 
target tumor cells are located distant but close to the 
resection cavity [1]. Using an antibody fragment instead 
of an antibody improves diffusion properties and allows 
for easier migration into the adjacent tissue [4]. In addi-
tion to radioimmunotherapy, several other intracavi-
tary therapies have been performed with locally applied 
substances ranging from chemotherapeutics to radiola-
beled small molecules targeting antigens in the tumor 

Fig. 3  Pretherapeutic [18F]FET-PET/MRI of patient 2 revealed a contrast enhancement adjacent to the resection cavity (arrow) without a relevant 
[18F]FET hot spot. Whole body images after [99mTc]Tc-DTPA injection did not reveal relevant leakage. During the second cycle post therapeutic 
images 48 h p.i. showed leakage into the subarachnoid space (arrows). After two cycles of RIT, [18F]FET-PET/MRI marks suspicion of tumor 
progression (arrow)



Page 6 of 8Roll et al. EJNMMI Research           (2023) 13:78 

microenvironment and glioblastoma cells and novel 
CAR-T-cell therapy[14–18].

Lutetium-177 offers optimal theranostic properties 
with a shorter soft tissue range compared to Yttrium-90 
and a gamma component well suited for scintigraphic 
imaging. It leads to better image quality and lower body 
radiation dose compared to Iodine-131 [4]. Also, dose 
estimation is more precise with Lutetium-177, espe-
cially when compared to Yttrium-90. While a therapeutic 
effect is expected to depend on the absorbed energy dose 
in tumor tissue, this absorbed dose is dependent on the 
relationship of injected activity and volume of the resec-
tion cavity [19]. Thus, defining the injected activity based 

on the volume of the resection is expected to be superior 
to standard fixed activity definitions [8, 19].

Our group has already elaborated on the landscape of 
iRIT studies [2, 5] and found that iRIT was mainly used 
for treatment of progressive disease or in combination 
with adjuvant therapies [6, 13, 20] with encouraging sur-
vival rates [2, 10]. Still, approved maintenance therapies 
for GBM are lacking and patients are essentially left with-
out viable treatment options before inevitable occurrence 
of tumor progression. Our iRIT approach might fill this 
gap between standard therapy and treatment of progres-
sive disease.

The frequency and kind of systemic side effects of iRIT 
are generally dependent on leakage into the blood and 

Fig. 4  [18F]FET-PET/MRI of patient 3 did not reveal relevant residual disease. Leakage test with [99mTc]Tc-DTPA was negative. During the second 
cycle, low level leakage into the spinal canal was detected (arrow). [18F]FET-PET/MRI after iRIT showed stable disease

Table 1  Side effects of intracavitary Radioimmunotherapy according to CTCAE criteria (version 5.0)

Significant changes are marked in bold

Patient 1 Patient 2 Patient 3

Baseline After one 
cycle

After all 
cycles

Baseline After one 
cycle

After all 
cycles

Baseline After one 
cycle

After 
all 
cycles

Leukocytes II II I 0 0 0 0 0 0

Hemoglobin I I I 0 0 0 I I I
Platelets I I I 0 0 0 0 0 0

Creatinine 0 0 0 0 0 0 0 0 0

Liver function 0 0 0 0 0 0 0 0 0

Creatinine 0 0 0 0 0 0 0 0 0

GFR 0 0 0 0 0 0 0 0 0
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on absorbed doses in healthy brain tissue. Organs poten-
tially affected are the kidneys [4, 21]; however, absorbed 
doses in our cohort were well below the known limits 
from external beam radiation [22]. Hematological abnor-
malities seen in our patients were lasting from previous 
radiochemotherapy regimens and not directly related 
to iRIT [23]. The absence of extracerebral side effects 
may be explained either by the only limited entry of the 
antibody fragment into the blood stream or by the only 
moderate activity injected into the resection cavity when 
compared to many systemic Lutetium-177-based radioli-
gand therapies.

It is unclear at this stage, whether no therapy-related 
neurological side effects occurred since patient 2 devel-
oped seizures during therapy. However, confirmed tumor 
progression is a likely cause for the seizures. Results from 
the larger cohort of treated patients within the recruit-
ing study are expected to better estimate the likelihood 
of neurological side effects. Reardon et  al., applying a 
resection cavity volume dependent dosage of 131I-labelled 
tenascin C antibodies, report on no irreversible neu-
rological side effects [24]. After applying fixed dosages 
resulting in a wider range of absorbed doses in adjacent 
tissue, other studies report on higher rates of side effects 
[2, 8]. Interestingly, we noted asymptomatic mild post-
therapeutic contrast enhancement in patients 1 and 3, 
which can be regarded as a therapy-associated change.

The addition of dosimetry of radiation applied to 
the brain tissue around the resection cavity would be 
very interesting and is indeed an important topic of the 
prospective study. It is, however, not straight-forward 
and hampered especially by the steep activity gradient 
between activity within the cavity and neighboring tissue. 
We aim to establish reliable dosimetry models for the cal-
culation of local (tumor-)dose when more patient data 
are available from the prospective phase I study.

Conclusions
Intracavitary RIT with [177Lu]Lu-6A10-Fab as a novel 
therapeutic option for GBM patients appears to be safe 
and well tolerated albeit only assessed in three patients so 
far. The open multicenter phase I study (NCT05533242) 
is currently recruiting patients in three German brain 
tumor centers and will primarily evaluate the maximum 
tolerated dose and dose limiting toxicity in a 3 + 3 dose 
escalation design.

Abbreviations
iRIT	� Intracavitary radioimmunotherapy
GBM	� Glioblastoma multiforme
Ca XII	� Carboxyanhydrase XII
CTCAE	� Common terminology criteria for adverse events

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13550-​023-​01029-7.

Additional file 1. Figures S1. Post therapeutic whole body images of all 
patients from 2h p.i. to 7 days p.i.

Acknowledgements
The authors thank Petra Kubitza and Anne Exler for their excellent techni‑
cal and organizational support. ITM (Munich, Germany) is to be thanked for 
providing [177Lu]6A10-Fab. Figure 1 was created with BioRender.com.

Author contributions
Conceptualization: MM, WR, RZ, HJR, LS; methodology: MM, WR, FJG, LS, WS, 
RZ; validation: NW, MS, WS; formal analysis: WR, MM, GB, AD, FJG; investigation: 
WR, MM, NW, LS; resources: WS, MS; data curation: WR, MM; writing—original 
draft preparation: WR, MM; writing—review and editing: all authors; visualiza‑
tion: WR, MM; supervision: MS, WS, HJR, LS; project administration: WR, MM, 
WS, LS. All authors read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. Funding was 
received from Helmholtz validation fund (HVF-0046) and BMBF (03VP00560). 
Astrid Delker received funding from BMBF (02NUK065C).

Availability of data and materials
All data are included in the manuscript.

Declarations

Ethics approval and consent to participate
Ethics approval was obtained for retrospective analysis (Ref: 2023-411-f-S; 
Ethik-Kommission Westfalen Lippe). Informed consent was obtained from all 
three patients.

Consent for publication
Not applicable.

Competing interests
The authors have no relevant financial or non-financial interests to disclose.

Author details
1 Department of Nuclear Medicine, University Hospital Münster, Albert‑Sch‑
weitzer‑Campus 1, 48149 Münster, Germany. 2 West German Cancer Centre, 
Münster, Germany. 3 Department of Neurosurgery, University Hospital Münster, 
Münster, Germany. 4 Department of Nuclear Medicine, University Hospital, 
Ludwig-Maximilians-University Munich, Munich, Germany. 5 European Institute 
for Molecular Imaging, University of Münster, Münster, Germany. 6 Department 
of Otorhinolaryngology, University Hospital, Ludwig-Maximilians-University 
Munich, Munich, Germany. 7 Institute of Structural Biology, Helmholtz Center 
Munich, Munich, Germany. 8 Department of Neurosurgery, University Hospital, 
Ludwig-Maximilians-University Munich, Munich, Germany. 

Received: 25 May 2023   Accepted: 28 August 2023

References
	1.	 Gaspar LE, Fisher BJ, Macdonald DR, LeBer DV, Halperin EC, Schold SCJ, 

et al. Supratentorial malignant glioma: patterns of recurrence and impli‑
cations for external beam local treatment. Int J Radiat Oncol Biol Phys. 
1992;24:55–7.

	2.	 Reulen H-J, Poepperl G, Goetz C, Gildehaus FJ, Schmidt M, Tatsch K, et al. 
Long-term outcome of patients with WHO Grade III and IV gliomas 
treated by fractionated intracavitary radioimmunotherapy. J Neurosurg. 
2015;123:760–70.

https://doi.org/10.1186/s13550-023-01029-7
https://doi.org/10.1186/s13550-023-01029-7


Page 8 of 8Roll et al. EJNMMI Research           (2023) 13:78 

	3.	 Li L, Quang TS, Gracely EJ, Kim JH, Emrich JG, Yaeger TE, et al. A Phase II 
study of anti-epidermal growth factor receptor radioimmunotherapy in 
the treatment of glioblastoma multiforme. J Neurosurg. 2010;113:192–8.

	4.	 Fiedler L, Kellner M, Gosewisch A, Oos R, Böning G, Lindner S, et al. Evalu‑
ation of (177)Lu[Lu]-CHX-A″-DTPA-6A10 Fab as a radioimmunotherapy 
agent targeting carbonic anhydrase XII. Nucl Med Biol. 2018;60:55–62.

	5.	 Reulen H-J, Suero Molina E, Zeidler R, Gildehaus FJ, Böning G, Gosewisch 
A, et al. Intracavitary radioimmunotherapy of high-grade gliomas: 
present status and future developments. Acta Neurochir (Wien). 
2019;161:1109–24.

	6.	 Bartolomei M, Mazzetta C, Handkiewicz-Junak D, Bodei L, Rocca P, Grana 
C, et al. Combined treatment of glioblastoma patients with locoregional 
pre-targeted 90Y-biotin radioimmunotherapy and temozolomide. Q J 
Nucl Med Mol Imaging. 2004;48:220–8.

	7.	 Gondi G, Mysliwietz J, Hulikova A, Jen JP, Swietach P, Kremmer E, et al. 
Antitumor efficacy of a monoclonal antibody that inhibits the activity of 
cancer-associated carbonic anhydrase XII. Cancer Res. 2013;73:6494–503.

	8.	 Akabani G, Reardon DA, Coleman RE, Wong TZ, Metzler SD, Bowsher JE, 
et al. Dosimetry and radiographic analysis of 131I-labeled anti-tenascin 
81C6 murine monoclonal antibody in newly diagnosed patients with 
malignant gliomas: a phase II study. J Nucl Med. 2005;46:1042–51.

	9.	 Delker A, Fendler WP, Kratochwil C, Brunegraf A, Gosewisch A, Gildehaus 
FJ, et al. Dosimetry for 177Lu-DKFZ-PSMA-617: a new radiopharmaceuti‑
cal for the treatment of metastatic prostate cancer. Eur J Nucl Med Mol 
Imaging. 2016;43:42–51.

	10.	 Reardon DA, Akabani G, Coleman RE, Friedman AH, Friedman HS, 
Herndon JE, et al. Salvage radioimmunotherapy with murine iodine-131–
labeled antitenascin monoclonal antibody 81C6 for patients with 
recurrent primary and metastatic malignant brain tumors: phase II study 
results. J Clin Oncol. 2006;24:115–22.

	11.	 Hennig IM, Laissue JA, Horisberger U, Reubi JC. Substance-P receptors 
in human primary neoplasms: tumoral and vascular localization. Int J 
cancer. 1995;61:786–92.

	12.	 Proescholdt MA, Mayer C, Kubitza M, Schubert T, Liao S-Y, Stanbridge 
EJ, et al. Expression of hypoxia-inducible carbonic anhydrases in brain 
tumors. Neuro Oncol. 2005;7:465–75.

	13.	 Li Y, Marcu LG, Hull A, Bezak E. Radioimmunotherapy of glioblastoma 
multiforme: current status and future prospects. Crit Rev Oncol Hematol. 
2021;163:103395.

	14.	 Bastiancich C, Malfanti A, Préat V, Rahman R. Rationally designed drug 
delivery systems for the local treatment of resected glioblastoma. Adv 
Drug Deliv Rev. 2021;177:113951.

	15.	 Liu Z, Zhou J, Yang X, Liu Y, Zou C, Lv W, et al. Safety and antitumor activity 
of GD2-Specific 4SCAR-T cells in patients with glioblastoma. Mol Cancer. 
2023;22.

	16.	 Schumacher T, Hofer S, Eichhorn K, Wasner M, Zimmerer S, Freitag P, et al. 
Local injection of the 90Y-labelled peptidic vector DOTATOC to control 
gliomas of WHO grades II and III: an extended pilot study. Eur J Nucl Med 
Mol Imaging. 2002;29:486–93.

	17.	 Królicki L, Bruchertseifer F, Kunikowska J, Koziara H, Królicki B, Jakuciński 
M, et al. Safety and efficacy of targeted alpha therapy with 213 Bi-DOTA-
substance P in recurrent glioblastoma. Eur J Nucl Med Mol Imaging. 
2019;46:614–22.

	18.	 Grauer O, Jaber M, Hess K, Weckesser M, Schwindt W, Maring S, et al. 
Combined intracavitary thermotherapy with iron oxide nanoparticles 
and radiotherapy as local treatment modality in recurrent glioblastoma 
patients. J Neurooncol. 2019;141:83–94.

	19.	 Akabani G, Cokgor I, Coleman RE, González Trotter D, Wong TZ, Friedman 
HS, et al. Dosimetry and dose-response relationships in newly diagnosed 
patients with malignant gliomas treated with iodine-131-labeled anti-
tenascin monoclonal antibody 81C6 therapy. Int J Radiat Oncol Biol Phys. 
2000;46:947–58.

	20.	 Reardon DA, Quinn JA, Akabani G, Coleman RE, Friedman AH, Friedman 
HS, et al. Novel human IgG2b/murine chimeric antitenascin monoclonal 
antibody construct radiolabeled with 131I and administered into the sur‑
gically created resection cavity of patients with malignant glioma: Phase I 
trial results. J Nucl Med. 2006;47:912–8.

	21.	 Mendler CT, Gehring T, Wester HJ, Schwaiger M, Skerra A. 89Zr-labeled 
versus 124I-labeled αHER2 fab with optimized plasma half-life for high-
contrast tumor imaging in vivo. J Nucl Med. 2015;56:1112–8.

	22.	 Emami B, Lyman J, Brown A, Coia L, Goitein M, Munzenrider JE, et al. Toler‑
ance of normal tissue to therapeutic irradiation. Int J Radiat Oncol Biol 
Phys. 1991;21:109–22.

	23.	 Niewald M, Berdel C, Fleckenstein J, Licht N, Ketter R, Rübe C. Toxicity after 
radiochemotherapy for glioblastoma using temozolomide: a retrospec‑
tive evaluation. Radiat Oncol. 2011;6:141.

	24.	 Reardon DA, Zalutsky MR, Akabani G, Coleman RE, Friedman AH, Herndon 
JE 2nd, et al. A pilot study: 131I-antitenascin monoclonal antibody 81c6 
to deliver a 44-Gy resection cavity boost. Neuro Oncol. 2008;10:182–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	First clinical experience with fractionated intracavitary radioimmunotherapy using [177Lu]Lu-6A10-Fab fragments in patients with glioblastoma: a pilot study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Materials and methods
	Patients
	PETMRI
	iRIT
	[177Lu]Lu-6A10 Fab production
	Dosimetry and TOXICITY

	Results
	Patient 1
	Patient 2
	Patient 3
	Toxicity and Dosimetry

	Discussion
	Conclusions
	Anchor 21
	Acknowledgements
	References


