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Abstract

Background Glioblastoma multiforme (GBM), the most common malignant brain tumor, mainly manifests as a primary de novo
and less frequently as a secondary glial neoplasm. GBM has been demonstrated to overexpress the NK-1 receptor and substance
P can be used as a ligand for targeted therapy. Alpha emitters, e.g. 2'*Bi, that deposit their high energy within a short range allow
the selective irradiation of tumor cells while sparing adjacent neuronal structures.

Material and methods Among 50 glioma patients of different subtypes that have to date been treated with targeted alpha therapy
at the Medical University Warsaw, we report here the data on nine patients with secondary GBM. Following surgery, chemo- and
radiotherapy, recurrent GBM was treated by intracavitary injection of 1-6 doses of 0.9-2.3 GBq ?'*Bi- DOTA-[Thi®,Met(O,)"]-
substance P (213 Bi-DOTA-SP) in 2-month intervals. 68Ga—DOTA—[Thig,l\/Iet(Oz)11]—substance P (68Ga—DOTA—SP) was co-
injected with the therapeutic doses to assess biodistribution using PET/CT. Therapeutic response was monitored with MRI.
Results Treatment with activities ranging from 1.4 to 9.7 (median 5.8) GBq *'*Bi- DOTA-SP was well tolerated with only mild
transient adverse reactions, mainly headaches due to a transient perfocal edema reaction. The median progression free survival
and overall survival time following the initiation of alpha therapy was 5.8 and 16.4 months, respectively. The median overall
survival time from the first diagnosis was 52.3 months. Two out of nine patients are still alive 39 and 51 months, respectively,
after the initiation of the therapy.
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Conclusions Targeted alpha therapy of secondary GBM with '*Bi-DOTA-SP is safe and well tolerated and may evolve as a

promising novel therapeutic option for secondary GBM.

Keywords Glioblastoma - GBM - 2"*Bi-DOTA-SP - ®*Ga-DOTA-SP - Targeted alpha therapy - Substance P

Introduction

Glioblastoma multiforme (GBM) is the most common malig-
nant primary brain tumor which evolves either as a primary de
novo GBM or as a transformed secondary GBM out of a less
malignant precursor lesion. Primary GBMs develop rapidly in
more elderly patients without histologic evidence of precursor
elements whereas secondary GBMs, which account for about
9% of all grade IV tumors, progress from low-grade or ana-
plastic astrocytoma [1].

Standard treatment of glioblastomas consists of debulking
surgery followed by radio- and chemotherapy [2—4].
Although a variety of chemotherapeutic agents has been eval-
uated for this indication, response rates were observed in the
range of 0 to 20% [4—6]. Similarly, classical radiotherapy is
limited to a maximum dose of 60 Gy applied in daily 2 Gy
fractions, as recommended by the Radiation Therapy
Oncology Group (RTOG), due to the toxicity of the adjacent
normal brain tissue. The addition of temozolamide chemother-
apy to standard external beam radiotherapy led to a mean
survival of 14.6 months, as compared to 12.1 months with
radiotherapy alone [3]. However, this more aggressive com-
bination of therapies has some limitations, e.g. severe fatigue,
thromboembolic events or opportunistic infections of mainly
lung tissue [7-9]. Only about half of the patients displaying
methylation of the O°-Methylguanine-DNA methyltransfer-
ase (MGMT) gene benefit [10-12].

To enhance the intratumoral drug concentration, local drug
delivery has been proposed to circumvent the blood brain
barrier [13, 14]. This way, the therapeutic agent is injected
directly into the resection cavity or into the tumor mass via a
dedicated port-a-cath-system. An increased intratumoral pres-
sure may counteract local drug distribution, and specific prep-
arations have to be undertaken to control pressure levels, e.g.
intravenous administration of an osmodiuretic drug and inser-
tion of more than one port-a-cath system [15]. This way, the
locally administered active substance generally will be distrib-
uted more homogeneously throughout the tumor mass and
finally destroy the tumor upon repetitive local injections.

To execute targeted therapy in nuclear medicine, suitable
receptors have to be identified which are specifically
overexpressed in the tumor. Among several vectors that have
been identified and clinically tested for targeting of glioma
[14-18], the peptidic vector substance P with low molecular
weight has been proven useful. Substance P binds to the
neurokinin type 1 receptor (NK-1) which is consistently

overexpressed in all gliomas regardless of the degree of ma-
lignancy [15, 19]. Therefore, substance P analogues are con-
sidered to be the best candidates for intralesional treatment of
glial neoplasms.

In targeted radiotherapy using radiolabeled vectors, the
therapeutic effect critically depends on the type of source
used, in particular on energy and range. Both parameters play
a key role in the radiobiological process that leads to tumor
cell death. Two types of radioisotopes are mainly being used,
B -emitting isotopes: *'I, *°Y, '""Lu; and «-emitting iso-
topes: 225Ac, 2 13Bi, 211 At For brain tumor treatment, neuronal
toxicity can be best controlled by ultrashort range « emitters
[20]: the short range of o particles of less than 100 pm corre-
sponding to only a few cell diameters allows selective irradi-
ation of tumor cells. Therefore, glioma cells invading func-
tionally critical areas of the brain can be targeted and
destroyed [20]. The very high energy of several MeV released
by an o decay primarily induces DNA double strand breaks, a
mainly irreparable DNA damage, that minimizes sublethal
damage and leads to cell death.

This paper presents the results of targeted alpha therapy
(TAT) with radio-labelled >'*Bi-DOTA-Substance P analogue
in nine patients with secondary GBM. The primary end point
was the feasibility and toxicity of the approach. The secondary
end point was the outcome defined as the progression free
survival (PFS) and overall survival (OS).

Patients and methods

Fifty patients with different malignant glioma tumors were
included into the study at the Medical University of Warsaw.
Secondary GBM was diagnosed in seven female and two male
patients (age range 21-59 years, mean 38.8 + 10.8 years) out
of these 50 patients. Tumors were located in the frontal lobe in
five patients, in the parietal lobe in three patients and in the
temporal lobe in one patient.

Clinical and histopathological criteria were used to distin-
guish between glioblastoma subtypes: primary GBM was his-
topathologically defined as grade IV lesion at the first biopsy,
without clinical or histopathologic evidence of a less malig-
nant precursor lesion. The diagnosis of secondary GBM was
made only in cases with histopathologic evidence of preced-
ing low-grade or anaplastic astrocytoma. All patients previ-
ously underwent surgery with primary histopathological ex-
amination: diffuse astrocytoma grade II in six patients,
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anaplastic astrocytoma grade III in two patients, in one patient
conversion first from grade II to III and after 2 years to grade
IV was diagnosed.

Clinical history of patients revealed epilepsy and focal neu-
rological symptoms like paresis, aphasia and visual impair-
ment as a result of tumor location. All patients were treated
with steroids and anti-epileptic drugs.

The study was approved by the Ethical Committee of the
Medical University of Warsaw. Written informed consent was
obtained from all patients. The following inclusion criteria
were used:

» Histologically confirmed secondary astrocytoma grade IV
(WHO)

*  Tumor volume below 90 mL as defined by the T1-
weighed contrast-enhanced MRI

* Non-evidence for obstruction of CSF circulation or de-
compensating intracranial pressure

» Karnofsky performance score > 40

* No pregnancy or lactation

» Age older than 18 years; absence of psychological, famil-
ial, sociological conditions potentially hampering compli-
ance with the study protocol.

Production of ?**Ac/*'*?Bi and radiolabelling

225 A¢ was produced by radiochemical extraction from a ***Th
source at the Directorate for Nuclear Safety and Security of
JRC Karlsruhe [21] and in some instances also at Oak Ridge
National Laboratory [22]. The activity was pooled and was
loaded on a **>Ac/*"*Bi radionuclide generator using AG MP-
50 cation exchange resin (Bio-Rad) [23]. 2'*Bi was eluted at
intervals of 2-3 h using 1.4 mL 0.1 M HCI/0.1 M Nal. The
labelling of DOTA-[Thi®, Met(O,)"']-substance-P was per-
formed in 2 M TRIS buffer using a microwave synthesizer
(Biotage® Initiator) at 95 °C for 5 min. Quality control was
performed by instant thin-layer chromatography (Tec Control
150-771; Biodex Medical Systems). Radiochemical purity
was higher than 99%.

Eluates of 5 mL volume from the ®*Ge/°®*Ga generator
(iThembalLABS, Republic of South Africa) with radioactivity
of 350-800 MBq of ®*Ga were used for labeling of 150 pg
DOTA—[ThiS, Met(Oz)“]—substance—P (piChem, Austria) dis-
solved in 2.4 mL 1.25 M sodium acetate, reaching a final pH
0f~3.9. Incubation was carried out at 100 °C for 10 min using
a conventional heating plate. Radiochemical purity was
assessed by ITLC-SG chromatography with 0.05 M sodium
citrate as solvent. Products with radiochemical purity higher
than 95% were used for preparation of diagnostic doses;
10 MBq of ®*Ga in a volume of <0.5 mL (typically 0.1—
0.2 mL) of ®*Ga-DOTA-SP were added to the therapeutic dose
of >’Bi-DOTA-SP.
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Before injection, sterility of the final formulation was en-
sured via sterile filtration (Millex-GV, 0.20 um; Millipore).
Injections were performed typically 15 + 2 min after the end of
225 Ac/*"*Bi generator elution.

Study protocol and injection
of the radiopharmaceutical

A standard neurosurgical ventricular catheter connected to a
subcutaneous port (Medtronic) was stereotactically implanted
either into the postsurgical cavity or intratumorally 2—4 weeks
before treatment (Fig. 1). To confirm the correct catheter po-
sition and to exclude any connection with the CSF system, a
test injection was performed using a 1:20 gadolinium-saline
solution.

During 2"*Bi-DOTA-SP therapy, corticosteroids and anti-
epileptic drugs were continued. Immediately before injection
of the radiopharmaceutical, 60 ml of mannitol 10 Vol% and
12 mg of dexamethasone (Fresenius, PharmaSwiss) were ap-
plied for transient reduction of intracranial pressure.

For local injection of the radiopharmaceutical, the port was
punctured with a butterfly needle. Following a control injec-
tion of 1 mL of saline, the active drug was injected in the
volume of 2 mL. Then, the system was flushed again with
1 mL of saline. The injection velocity was 0.5 mL/min. For
each therapeutic cycle, 1-3 injections of up to 1.8 GBq per
injection were performed depending on the activity obtained
from the ***Ac/*'*Bi radionuclide generator. Patients were
treated with 1-6 cycles of ?'>Bi- DOTA-SP in 2-month
intervals.

A preparation of 10 MBq of °®Ga-DOTA-SP was co-
injected with the therapeutic doses to assess biodistribution
using PET/CT. PET/CT was performed 30 min after each
injection to confirm orthotopic intralesional injection. Blood
samples were taken 15, 30 and 45 min post injection to assess
systemic distribution of the radiopharmaceutical.

%8Ga-DOTA-SP PET/CT protocol

A three-dimensional mode was used for PET/CT examina-
tions performed on a Biograph 64 TruePoint PET/CT scanner
(Siemens Medical Solutions, Knoxville, TN), 30 min after the
co-injection of **Ga/*'*Bi -DOTA-SP. Five minutes acquisi-
tion time was used for PET of brain and 2 min acquisition per
bed position for body (from the neck to the upper thighs).

The PET image data were corrected for scatter and attenu-
ation using the CT data and reconstructed in a 168 x 168 ma-
trix. The reconstruction was performed using the TrueX algo-
rithm (Siemens Medical Solutions) with PSF, three iterations,
21 subsets, and no post filtering.

The PET/CT images (half-body-attenuated and non-
attenuated PET, CT, and fused images) were transferred to a
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Fig. 1 Implementation of catheters into the postsurgical cavity. A cavity
of 1.5 cm diameter is drilled into the external tabula of the skull with a
central opening. A port capsule connected with a catheter is then

multimodal work station (MMWS; Syngo TrueD; Siemens
Medical Solutions) for analysis.

MRI evaluation

All patients underwent MRI examination (GE Excite HD,
1.5 T). T1 before and after gadolinium injection, T2, FLAIR
and DWI sequences were performed before and every 6 weeks
after each cycle of therapeutic doses of >'°Bi-SP and in a 2—
3 month interval follow up after treatment.

For the evaluation of tumor response, the Revised
Assessment in Neuro-Oncology (RANO) criteria were used
[24, 25]. The progression of the disease was defined as fol-
lows: 25% or more increase in enhancing lesions despite sta-
ble or increasing steroid dose, increase in non-enhancing T2/
FLAIR lesions, not attributable to other not tumor-related
causes; any new lesions, or clinical deterioration (not attribut-
able to other not tumor-related causes and not due to steroid
decrease) were observed.

Quantitative tumor assessment was performed by radiolo-
gists with at least 5 years of experience. The tumor volumes
were analyzed by defining the tumor extension on the T1-
weighed gadolinium enhanced and on the T2-weighed MRI.
Tumors were manually outlined on digitized image data using
Olea Sphere software (Olea Medical).

Statistical methods

Parameters were characterized by the median or mean (+ SD).
The progression free survival (PFS) was defined as the time
from the start of radioisotope treatment to the first evidence of
progression or relapse, or to death. The overall survival from
the diagnosis (OS-D) was defined as the time from the first
diagnosis of the tumor to death from any cause; the OS from
conversion (OS-C) was determined as the time from a histo-
logically proven conversion to a grade IV tumor to death from
any cause; and the OS from the start of treatment (OS-T) was
defined as the time from the first cycle of 2'°Bi-DOTA-SP
treatment to death from any cause.

The OS and PFS were calculated using the Kaplan-Meier
estimator and compared using the log-rank test. Calculations

stereotactically inserted into the tumor or resection cavity. The wound is
then closed. Injections into the capsule were performed some 10 days
later

were performed using GraphPad PRISM 5 (GraphPad
Software Inc).

Results
Patient characteristics and functional status

Before targeted alpha therapy, the median Karnofsky status
was 80 (range, 40—100) (Table 1). The functional status was
assessed using the Barthel Index which evaluates neurological
function and impairment in activities of daily living. The me-
dian pre-therapeutic Barthel index was 70 (range, 45-100).

These parameters were evaluated during therapy and the
follow up period. At the last course of therapy, the median
Karnofsky status was 70 (range, 30-100) and Barthel Index
65 (range, 40-100). Three months after the last course, the
Karnofsky status was 70 (range, 30—100) and the Barthel
Index 65 (range, 40—100). According to clinical status, pa-
tients were treated with 1-6 cycles of *'*Bi-DOTA-SP in 2-
month intervals. The median total injected activity was
5.8 GBq (range, 1.4-9.7 GBq).

Post therapeutic imaging with ®®Ga-DOTA-SP

Post therapeutic scans were performed to evaluate tracer
whole body biodistribution and expression of NK-1 receptor
at the target site. In all cases, the uptake in the tumor area was
increased as illustrated in a typical PET/CT image in Fig. 2.
The whole body scans presented very low distribution in kid-
ney and urine, with less than 5% of activity in the bladder
(Fig. 3). Accordingly, *'*Bi activities found in the blood pool
typically corresponded to less than 8% 1.D. and peaked at 1 h
post injection.

Side-effects of treatment with 2'>Bi-DOTA-SP
The local treatment of 2> Bi-DOTA-SP was well tolerated. In
only two patients, mild flush of the face was observed as a

systemic SP effect when a small amount of the tracer was
absorbed in the blood. In one patient, transient worsening of
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Table 1  Patient characteristics
Patient  Patient Age Conversion/  Time to Tumor Karnofsky Barthel Number of Total PFS OS-t
number initials  (years) Grading conversion volume status status  courses activity [months] [months]
[months] [ml] [GBq]
1 ZA 42 wimnv 53.5 3.9 80 60 4 7.6 3.9 16.4
2 BA 38 v 12.9 15.6 80 100 3 5.8 23.8 27.0
3 SK 59 v 18.4 60.9 60 70 2 42 1.7 9.9
4 ML 35 v 132 81.5 40 50 2 3.1 2.1 29
5 KP 29 v 37.6 57.5 90 100 6 9.7 13.6 23.7
6 S-GM* 42 v 233 17.3 60 70 4 6.7 51.5 51.5
7 BK* 32 v 10.6 423 100 100 4 8.0 39.2 39.2
8 KL 51 v 10.7 64.3 50 45 1 1.4 0.3 29
9 MP 21 v 38.7 18.7 90 100 2 3.1 5.8 8.5

2 Still alive

paresis and aphasia were observed for 5 days. No other severe
adverse events occurred.

Therapeutic outcome

The median time from the first diagnosis to the tumor trans-
formation into GBM was 18.4 months (range, 10.6—
53.5 months). The median overall survival time from the first
diagnosis (OS-D) was 52.3 months; the median overall sur-
vival from conversion (OS-C) was 18.6 months. From the
onset of 2'*Bi-DOTA-SP analogue treatment, the median
PFS was 5.8 months and the OS-T was 16.4 months. The
results are summarized in the Kaplan-Meier estimator curve
(Fig. 4).

The MRI of the brain demonstrated postoperative changes
with surgical margin enhancement and diffuse T2 and FLAIR
changes consistent with edema and/or non-enhancing
neoplasm.

The median total tumor volume (T1Vol), defined as solid
tumor parts, resection cavity and putative necrotic areas on the
T1-weighed gadolinium enhanced MRI images, was 42.3 mL
(range, 3.9-81.5 mL). Further imaging analysis disclosed the
median volume of solid tumor elements contrasted by gado-
lintum (T1VoICE) to be 9 mL (range, 1.0-50.6 mL), and ne-
crotic areas plus resection cavity (T1VolNec) to be 15.1 mL
(range, 3.9—73.3 mL). On the T2 images, the median volume

Fig. 2 PET/CT after local co-
injection of 10 MBq **Ga-DOTA-
SP with a therapeutic dose of >
Bi-DOTA-SP into the resection
cavity of a glioblastoma in patient
2. Most of the activity is
concentrated within the lesion,
with little activity remaining in
the capsule and within the
catheter
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of the pathological signal (T2Vol) was 165.9 mL (range, 29.1
and 320.2 mL).

Changes in tumor volumes were analyzed 2—3 months after
the last dose of *'*Bi-DOTA-SP analogue. T1Vol decreased to
29.7 mL (range, 11.6-136.9 mL), T1VoICE increased to
11.6 mL (range, 1.1-50.6 mL), and T1VoINec increased to
17.8 mL (range, 1.0-112.5 mL) and finally T2Vol decreased
to 157.9 mL (range, 25.1 and 320.2 mL). These alterations in
tumor volumes, however, did not reach statistical significance.

An example of the therapeutic effect obtained by targeted
alpha therapy in patient 7 is shown in Fig. 5. Follow-up of
therapeutic responses and toxicity is continued and patient
recruitment is ongoing.

Discussion

Glioblastoma multiforme is the most frequent malignant brain
tumor in adults which manifests either as rapidly growing de
novo lesion or as a secondary GBM evolving out of a low
grade or an anaplastic astrocytoma precursor lesion.
Therefore, secondary GBM manifest in middle-aged individ-
uals around the age of 45 years, while primary GBM occur in
older patients with a median age of 62 years. Secondary GBM
are more frequently found in females, and primary GBM more
frequently in males [1]. Differences in survival times between
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Fig. 3 Whole body PET/CT scan shows biodistribution 30 min after
intralesional injection of 10 MBq *®Ga-DOTA-SP analogue: the signal
detected in the body outside the brain is very faint or negligible in liver,
kidney, spleen and bone marrow. The cleaved linear peptidic vector is
excreted into the bladder and can show a weak signal corresponding to
<5% of injected activity

both groups are controversial since age-adjusted multivariate
analysis did not show a significant difference. However, log-
rank tests showed that patients with primary GBM had a sig-
nificantly shorter survival time than those with secondary
GBM [26].

PFS
— 0S-D
— 0S-C
— 0S-T

Percent survival

0 J J J v

J
0 20 40 60 80 100
Time [months]

Fig.4 The Kaplan-Meier estimator displays the progression free survival
(PFS), overall survival following initial diagnosis (OS-D), overall
survival following conversion (OS-C) and overall survival after initiation
of therapy with 2*Bi-DOTA-SP analogue (OS-T)

A widespread glioma cell infiltration into normal adjacent
brain areas, the molecular heterogeneity as well as the protec-
tive effects of the blood-brain barrier are the main causes for
the limited efficacy of front line standard treatments of GBM
such as surgery, radio- and chemotherapy. Despite some mi-
nor improvements in the PFS, no obvious increase in the sur-
vival has been associated with any particular regimen. Only
25% of patients with progressive or recurrent GBM can be
considered for repeat surgery. Re-irradiation remains a pallia-
tive option only for a selected group of patients characterized
by the KPS > 60%, the tumor size <40 mm and progression
for more than 6 months. Temozolamide (TMZ) monotherapy
or TMZ-containing combinational therapies are controversial
[7, 27]. Since therapeutic options for GBM are very limited,
especially for patients with recurrent disease, novel treatments
are urgently needed.

Regarding the genetic tumor classification, both tumor
types develop through different genetic pathways and show
different protein expression profiles with the main differenti-
ating factor being IDH1 gene mutations in secondary GBM
[1] observed at a frequency of 73% as compared to only 3.7%
in primary glioblastomas [1, 28]. The IDH 1-mutation is asso-
ciated with a hypermethylation phenotype, and IDH1 muta-
tions are the earliest detectable genetic alterations in precursor
low-grade diffuse astrocytomas and in oligodendrogliomas.
These data suggest that primary and secondary GBM may
require different therapeutic approaches. However, these re-
sults show that local treatment of secondary GBM by a
targeted alpha-labeled peptidic vector also represents a thera-
peutic option for this subtype of glioma.

Local application of the drug has major advantages: the
intratumoral concentration of the drug is significantly higher
in comparison to systemic treatment, the blood-brain barrier
can be circumvented, and adverse reaction events are more
limited. The main challenge of the local drug application into
a brain tumor is the tumor saturation and, at least for larger
targeting vectors, slow diffusion into the tumor. Currently,
different strategies for local treatment are in development, like
monoclonal antibodies, interleukins receptors, bacterial
toxins, viruses, oligonucleotide CpG as well as radiopharma-
ceuticals [14, 17, 29-35].

The radiopharmaceuticals are very promising given the low
molecular weight of the targeting vector <2000 Da, facilitating
a rapid intratumoral drug distribution, and radiolabeling with
an x-emitting isotope that releases a very high energy concen-
trated to a few tumor cells, precluding sublethal tumor cell
damage. The peptidic vector substance P analogue used in this
study is an eleven-amino acid neurotransmitter that appears in
both the central and peripheral nervous systems.
Autoradiography disclosed overexpression of neurokinin type
1 receptor in 95% of gliomas of WHO grades II, III and IV.
NK-1-receptors have also been detected in tumor cells infil-
trating the intratumoral and peritumoral vasculature [19].

@ Springer



1642

Eur J Nucl Med Mol Imaging (2018) 45:1636—1644

\

. Baseline
07.2014
. -

The first clinical study with a radiolabeled DOTA-
substance P analogue showed disease stabilization or im-
proved neurologic status in 13 of 20 patients [15]. In most
patients, the (3 -emitting radionuclide Y-90 had been used,
and the alpha-emitter Bi-213 was only available for two pa-
tients. In a further report, a pilot study with local injections of
23Bi-DOTA-SP in five patients with critically located glio-
mas, confirmed the initial experience that alpha therapy is well
tolerated [20]. Likewise, the application of the radiopeptide
was also well tolerated in our study on nine secondary GBM
patients. Repeated MRI was suggestive of radiation-induced
necrosis and demarcation of the tumors, and this finding was
validated by the subsequent resection. Therefore, the study
concluded that targeted local radiotherapy with 2'*Bi-
DOTA-substance P analogue may represent an innovative
and effective treatment strategy for critically located malig-
nant gliomas, because primarily non-operable gliomas may
become resectable over the course of treatment.

In patients with disease progression, we observed the me-
dian PFS of 5.8 months, the median OS from the first diagno-
sis of 52.3 months and from the start of *'*Bi-DOTA-SP of
16.4 months. These results compare favorably with those re-
ported in the literature where median overall survival rates of
patients with secondary GBM who underwent partial or com-
plete surgical resection were 7.8 and 2.5 months, respectively,
in unresected cases; the OS of patients who received radio-
therapy was 10 months and patients who did not receive ra-
diotherapy 2.0 months [26].

The analysis of patients with glioblastoma with and with-
out IDH Imut who were treated with surgery and radiotherapy
showed that the OS time was 27.1 and 11.3 months, respec-
tively [28]. From a radiobiological point of view, an applica-
tion interval of 8 weeks in an exponentially proliferating tu-
mor system using *'*Bi with a short half-life of 46 min is less
than optimal, nonetheless, the first experimental data obtained
with this new approach suggest that the proposed local treat-
ment of secondary GBM may become an effective therapeutic
option.
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Fig. 5 In a 32-year-old woman suffering from an astrocytoma WHO
grade II, conversion into a secondary GBM manifested 10.6 months
after initial diagnosis. Following standard treatment consisting of
surgery, radio- and chemotherapy with TMZ, four cycles of 2'°Bi-

DOTA-SP were applied. The total activity injected amounted to
8.0 GBq of the therapeutic isotope. The T1-weighted enhanced MRI
examination revealed shrinkage of the tumor by 32%

A critical point in the local administration of radiopharma-
ceuticals is the control of the injection procedure to achieve
maximum intratumoral biodistribution saturating not only the
nodular tumor component, but also those glioma cells invad-
ing adjacent normal brain tissue. In previous studies with '?
Bi-DOTA-SP, biodistribution was monitored by SPECT/CT,
using the 440 keV y-ray emission of *'*Bi [15] requiring long
acquisition times of about 30 min with limited resolution. In
this study, **Ga-DOTA-SP analogue was used for diagnostic
PET/CT-imaging which was co-injected with therapeutic
doses of *'*Bi-DOTA-SP. This allowed monitoring of the drug
distribution in the brain and in the whole body with PET/CT
with acquisition times of 5 min (brain) and 10—12 min (whole
body), respectively. The whole body scans presented very low
distribution outside the brain, with less than 5% of injected
activity in the bladder.

There are two limitations to this study. First, the number of
patients is small, since GBM primarily manifest as de novo
lesions. Nevertheless, the OS-T was longer in this study than
reported in the literature after surgery, radio- and chemother-
apy alone. Secondly, no genetic examinations have been per-
formed to disclose IDH1 mutations manifest in 73% of sec-
ondary GBM [28]. To corroborate these data, more extensive
studies with a larger number of patients are required.

Overall, our results indicate that local injection of 213p;.
DOTA-SP represents a promising new strategy for therapy of
secondary GBM. From a technical perspective, its implemen-
tation in clinical practice does not pose particular challenges.
22>Ac /*1Bi radionuclide generators can be safely handled
using established procedures and standard equipment typical-
ly available in nuclear medicine departments. However, for a
widespread clinical application, the supply of **°Ac as mother
nuclide for ***Ac/?"*Bi generators must be significantly in-
creased beyond existing limited levels. Accelerator-driven
processes that allow its production on a large scale have been
developed [36] and need to be implemented to overcome these
supply limitations.
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Conclusions

Treatment of secondary GBM with *'*Bi-DOTA-SP analogue
is safe and well tolerated. This targeted alpha therapy may
evolve as a new option for the treatment of secondary GBM,
provided that more extensive studies confirm these initial
findings and the supply of **Ac as a source for *"’Bi is
secured.

Acknowledgements The publication of this article was supported by
funds of the European Association of Nuclear Medicine (EANM).

This paper has received the 2016 EANM Marie Curie Award on the
occasion of the 29th Annual Congress of The European Association of
Nuclear Medicine.

The authors are indebted for the use of parts of the 2*Ac/>'*Bi to the
U.S. Department of Energy’s Office of Nuclear Physics, Isotope
Development and Production for Research and Applications Program.

We thank the radiochemistry group at the Department of Nuclear
Medicine, the nursing staff and the nuclear medicine technologists for
their support.

Compliance with ethical standards

All authors declare that they have no conflict of interest in relation to this
article.

This article does not contain any studies with animals performed by
any of the authors.

All procedures performed in studies involving human participants
were in accordance with the ethical standards of the institutional and/or
national research committee and with the 1964 Helsinki declaration and
its later amendments or comparable ethical standards.

Informed consent was obtained from all individual participants includ-
ed in the study.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Ohgaki H, Kleihues P. The definition of primary and secondary
glioblastoma. Clin Cancer Res. 2013;19:764-72.

2. Yung WK, Albright RE, Olson J, et al. A phase II study of temo-
zolomide vs. procarbazine in patients with glioblastoma multiforme
at first relapse. Br J Cancer. 2000;83:588-93.

3. Stupp R, Mason WP, van den Bent MJ, et al. European organization
for research and treatment of cancer brain tumor and radiotherapy
groups; National Cancer Institute of Canada clinical trials group.
Radiotherapy plus concomitant and adjuvant temozolomide for
glioblastoma. N Engl J Med. 2005;10:987-96.

4. Lamborn KR, Yung WK, Chang SM, et al. North American brain
tumor consortium. Progression-free survival: an important end
point in evaluating therapy for recurrent high-grade gliomas.
Neuro-Oncology. 2008;10:162-70.

5. Tatter SB. Recurrent malignant glioma in adults. Curr Treat Options
in Oncol. 2002;3:509-24.

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Chang SM, Theodosopoulos P, Lamborm K, et al. Temozolomide in
the treatment of recurrent malignant glioma. Cancer. 2004;100:
605-11.

Weller M, Cloughesy T, Perry JR, Wick W. Standards of care for
treatment of recurrent glioblastoma—are we there yet? Neuro-
Oncology. 2013;15:4-27.

Scaringi C, De Sanctis V, Minniti G, Enrici RM. Temozolomide-
related hematologic toxicity. Onkologie. 2013;36:444-9.

Dixit S, Baker L, Walmsley V, Hingorani M. Temozolomide-related
idiosyncratic and other uncommon toxicities: a systematic review.
Anti-Cancer Drugs. 2012;23:1099-106.

Esteller M, Garcia-Foncillas J, Andion E, et al. Inactivation of the
DNA-repair gene MGMT and the clinical response of gliomas to
alkylating agents. N Engl J Med. 2000;343:1350-4.

Grossman R, Burger P, Soudry E, et al. MGMT inactivation and
clinical response in newly diagnosed GBM patients treated with
Gliadel. J Clin Neurosci. 2015;22:1938-42.

Minniti G, Salvati M, Arcella A, et al. Correlation between O6-
methylguanine-DNA methyltransferase and survival in elderly pa-
tients with glioblastoma treated with radiotherapy plus concomitant
and adjuvant temozolomide. J Neuro-Oncol. 2011;102:311-6.
Riva P, Arista A, Franceschi G, et al. Local treatment of malignant
gliomas by direct infusion of specific monoclonal antibodies la-
beled with 1311: comparison of the results obtained in recurrent
and newly diagnosed tumors. Cancer Res. 1995;55:5952s-6s.
Merlo A, Hausmann O, Wasner M, et al. Locoregional regulatory
peptide receptor targeting with the diffusible somatostatin analogue
90Y-labeled DOTAO-D-Phel-Tyr3-octreotide (DOTATOC): a pilot
study in human gliomas. Clin Cancer Res. 1999;5:1025-33.
Kneifel S, Cordier D, Good S, et al. Local of malignant gliomas by
the diffusible peptidic vector 1,4,7,10-tetraazacyclododecane-1-
glutaric acid-4,7,10-triacetic acid-substance p. Clin Cancer Res.
2006;12:3843-50.

Bigner DD, Brown MT, Friedman AH, et al. lodine-131-labeled
antitenascin monoclonal antibody 81C6 treatment of patients with
recurrent malignant gliomas: phase I trial results. J Clin Oncol.
1998;16:2202-12.

Zalutsky MR. Targeted radiotherapy of brain tumours. Br J Cancer.
2004;90:1469-73.

Schumacher T, Hofer S, Eichhorn K, 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.

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

Cordier D, Forrer F, Bruchertseifer F, et al. Targeted alpha-
radionuclide therapy of functionally critically located gliomas with
213Bi-DOTA-[Thi®, Met(O,)'']-substance P: a pilot trial. Eur J Nucl
Med Mol Imaging. 2010;37:1335-44.

Apostolidis C, Molinet R, Rasmussen G, Morgenstern A.
Production of Ac-225 from Th-229 for targeted alpha therapy.
Anal Chem. 2005;77:6288-91.

Boll RA, Malkemus D, Mirzadeh S. Production of actinium-225 for
alpha particle mediated radioimmunotherapy. Appl Radiat Isot.
2005;62:667-79.

Morgenstern A, Bruchertseifer F, Apostolidis C. Bismuth-213 and
actinium-225 generator performance and evolving therapeutic ap-
plications of two generator-derived alpha-emitting radioisotopes.
Curr Radiopharm. 2012;5:221-7.

Wen PY, Macdonald DR, Reardon DA, et al. Updated response
assessment criteria for high-grade gliomas: response assessment
in neuro-oncology working group. J Clin Oncol. 2010;28:1963-72.
Huang RY, Rahman R, Ballman KV, et al. The impact of T2/FLAIR
evaluation per RANO criteria on response assessment of recurrent

@ Springer



1644

Eur J Nucl Med Mol Imaging (2018) 45:1636—1644

26.

27.

28.

29.

30.

31

glioblastoma patients treated with bevacizumab. Clin Cancer Res.
2016;22:575-8]1.

Ohgaki H, Dessen P, Jourde B, et al. Genetic pathways to glioblas-
toma: a population-based study. Cancer Res. 2004;64:6892-9.
Park JK, Hodges T, Arko L, et al. Scale to predict survival after
surgery for recurrent glioblastoma multiforme. J Clin Oncol.
2010;28:3838-43.

Nobusawa S, Watanabe T, Kleihues P, Ohgaki H. IDH1 mutations
as molecular signature and predictive factor of secondary glioblas-
tomas. Clin Cancer Res. 2009;15:6002—7.

Zalutsky MR, Reardon DA, Akabani G, et al. Clinical experience
with alpha-particle emitting 211At: treatment of recurrent brain tu-
mor patients with 211 At-labeled chimeric antitenascin monoclonal
antibody 81C6. J Nucl Med. 2008;49:30-8.

Stish BJ, Oh S, Vallera DA. Anti-glioblastoma effect of a recombi-
nant bispecific cytotoxin cotargeting human IL-13 and EGF recep-
tors in a mouse xenograft model. J Neuro-Oncol. 2008;87:51-61.
Husain SR, Puri RK. Interleukin-13 receptor-directed cytotoxin for
malignant glioma therapy: from bench to bedside. J Neuro-Oncol.
2003;65:37-48.

@ Springer

32.

33.

34.

3s.

36.

Tsai AK, Oh S, Chen H, Shu Y, Ohlfest JR, Vallera DA. A novel
bispecific ligand-directed toxin designed to simultaneously target
EGFR on human glioblastoma cells and uPAR on tumor
neovasculature. J Neuro-Oncol. 2011;103:255-66.

Zhang W, Fulci G, Wakimoto H, et al. Combination of oncolytic
herpes simplex viruses armed with angiostatin and IL-12 enhances
antitumor efficacy in human glioblastoma models. Neoplasia.
2013;15:591-9.

Carpentier A, Metellus P, Ursu R, et al. Intracerebral administration
of oligonucleotide for patients with recurrent glioblastoma: a phase
11 study. Neuro-Oncology. 2010;12:401-8.

Apostolidis C, Molinet R, McGinley J, Abbas K, Méllenbeck J,
Morgenstern A. Cyclotron production of Ac-225 for targeted alpha
therapy. Appl Radiat Isot. 2005;62(3):383—7.

Reubi JC, Micke HR, Krenning EP. Candidates for peptide receptor
radiotherapy today and in the future. J Nucl Med. 2005;46(S1):
67S-758.



	Prolonged...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Patients and methods
	Production of 225Ac/213Bi and radiolabelling
	Study protocol and injection of the radiopharmaceutical
	68Ga-DOTA-SP PET/CT protocol
	MRI evaluation
	Statistical methods

	Results
	Patient characteristics and functional status
	Post therapeutic imaging with 68Ga-DOTA-SP
	Side-effects of treatment with 213Bi-DOTA-SP
	Therapeutic outcome

	Discussion
	Conclusions
	References


